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1 INTRODUCTION

MAZE is an interactive program that serves as an input and two-dimensional mesh generator for
DYNA2D (Whirley and Engelmann, 1992), NIKE2D (Englemann and Hallquist, 1991),
TOPAZ2D (Shapiro and Edwards, 1992), and CHEMICAL TOPAZ2D (Nichols and Westerbrook,
1994). MAZE also generates a basic template for ISLAND (Engelmann and Whirley, 1991) input.
Analysts use MAZE to construct the geometry of parts and define the characteristics of the
overlaying mesh. MAZE also provides for the specification of boundary conditions, slideline
definitions, merging of parts to eliminate nodes along common interfaces, moving of boundary
nodes to permit graded zoning, mesh smoothing, the definition of load curves, and the
establishment of material properties and equations of state. Although MAZE is comprehensive in
its role as an engineering code input generator, it is incomplete. The LLNL engineering analysis
codes are undergoing continual improvements and enhancements. As such, MAZE should be
viewed as serving as a firm foundation from which to begin preparation for subsequent analysis.

MAZE has been used extensively at the Lawrence Livermore National Laboratory. MAZE has
been applied to the generation of input data to study the response of two-dimensional solids and
structures undergoing finite deformations under a wide variety of large deformation transient
dynamic and static problems and heat transfer analyses. It is used by analysts both at LLNL and
elsewhere. The code has evolved to meet changing engineering analysis requirements. Algorithms
have been optimized. Versions of MAZE are available for several computing platforms, including
CRAY/UNICOS, DEC VAX/VMS, and workstations such as SUN, Silicon Graphics, Hewlett
Packard, and IBM. The code has been ported to many other machines, and the use of X-Windows
graphics allows the SUN version to port easily to other 32-bit UNIX-based machines. The use of
a “single-source” development system assures that all new developments appear simultaneously in
all supported code versions.

There are many new features and options in this release of MAZE as well as older undocumented
features being freshly presented which improve its performance and versatility in a wide range of
applications. Major new features in this release include a greater degree of conformance with the
most recent versions of LLNL analysis codes. MAZE is more robust in terms of code integrity and
error handling. Analysis code control parameters have been updated. The accuracy and
completeness of many material models has been improved. Parameter capabilities, similar to the
FORTRAN ‘77 PARAMETER statement, have been added to assist programming and input file
preparation. J-Integral crack analysis parameters have been incorporated for use in NIKE2D.




INTRODUCTION MAZE User Manual

External finite element geometry data can be imported and converted into MAZE line and part
definitions. A class of region polygon commands allows users to define a polygonal region in
which nodes located therein may be subsequently referenced by the region identifier. Nodes may
be assigned to slidelines and boundary commands by virtue of their location rather than specific
node number. Additional transition element types have been developed. These new developments
substantially enhance the accuracy, efficiency, and user convenience of MAZE for a large class of
engineering analysis problems.

MAZE is part of a set of codes developed at LLNL. Other analysis codes include the three-
dimensional explicit DYNA3D code (Whirley and Engelmann, 1992), the implicit NIKE3D code
(Maker, 1995), the explicit DYNA2D code (Whirley and Hallquist, 1991), and the implicit two
dimensional code NIKE2D (Engelmann and Hallquist, 1991). TOPAZ2D (Shapiro and Edwards,
1992) and TOPAZ3D (Shapiro, 1985) are finite element codes for nonlinear heat transfer and field
problem analysis. PALM2D (Engelmann, Whirley, and Shapiro, 1990) is a recently developed code
for fully coupled thermomechanical analysis. CHEMICAL TOPAZ2D (Nichols and Westerbrook,
1994) incorporates modifications to the heat transfer code TOPAZ2D through the addition of
chemical reaction kinetics and chemical mixtures. ORION (Hallquist and Levatin, 1985) is an
interactive graphics postprocessor for the two-dimensional codes; INGRID (Christormeayd D
1992) is an interactive graphics pre-processor for the three-dimensional codes, and TAURUS
(Spelce, 1991) and GRIZ (Dovey and Spelce, 1993) are the interactive graphics postprocessors, for
the three-dimensional codes.

The use of MAZE by outside firms has been widespread, and this has played an important role in
its development. Many code shortcomings have been discovered and remedied as a direct result of
dialog with analysts at LLNL and outside users in industry. In addition, many new capabilities have
been incorporated as a result of interaction with both analysts at LLNL and collaborators outside
LLNL. It is hoped that the MAZE user community will continue to expand and provide feedback

to the author at LLNL, and that improvements made by others will be made available for possible
incorporation into future versions of MAZE. This active participation provides important infor-
mation for future development directions of MAZE.

MAZE was originated and developed by John O. Hallquist at LLNL (Hallquist, 1983). It is with
great respect for the accomplishments and the contributions of all MAZE developers which are
embodied in MAZE that the author continues the expansion of MAZE’s capabilities to meet new
challenges in support of computational mechanics.

10
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2 ANALYSIS WITH MAZE

The engineering analysis process begins with a physical description of a problem or system to be
studied. First, it is necessary to construct the model. This may be done, in cases of two-dimensional
analysis, with the MAZE preprocessor and mesh generator. MAZE prepares an input file for the
LLNL analysis codes. This input file is an ASCII text file that may be edited or modified, if desired,
prior to submission to the analysis code. MAZE maintains an ASCII text file of the commands used
to generate the analysis code input file. This file may be edited or modified, if desired, and re-
submitted to MAZE for alternative analysis code input file and mesh generation. Next, the
engineering analysis is run to prepare the ASCII printout file and a number of binary plot and
restart files. Finally, a post-processor reads the binary plot files and create display and hardcopy
graphics output of desired quantities. Each of these steps is described in the following sections.

2.1 Pre-processing and Model Generation

The LLNL two-dimensional analysis codes do not contain any significant model generation
capability, and rely almost exclusively upon external software for this task. MAZE significantly
reduces the amount of manual preparation of the LLNL analysis code input files. Since the input
files are in ASCII text format, many users find it convenient to do all model generation on an
engineering workstation, and then transfer the input file to a larger computer to run the analysis.

2.2 Starting a New Maze Analysis

The execution line for MAZE varies slightly depending on the computing platform. On CRAY/
UNICOS and UNIX workstation systems, the execution line is:

MAZE i =inf c=cfl o=ofl m=sfl g=gfl
where

inf=input file name containing line definitions

cfl=input file name containing MAZE commands for batch execution

ofl=output file name containing MAZE output - analysis code input file

sfE=output file name containing input commands processed by MAZE, i.e., a “save” file
gfl=input file name containing imported geometry

11
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MAZE may be invoked in an interactive mode using system default file names (see below) by
entering the execution line:

MAZE

The specification of other file names is optional, except as noted below. Users may switch between
interactive and command modes during a MAZE session through the use of the co@Fiakds
andTTY. Line segment information may be read from iiileby using theRLN(S) and RSEG
commands. The format of filef is described in section: “Reading Line Segment Data.” Finite
element geometry data may be read frongfiland converted into line and part definitions within
MAZE. The format of filegfl is described in section: “Importing Finite Element Geometry Data.”

Default file names for MAZE files are given in the following table. File names must be unique and
can have up to eight characters. File names on DEC VAX/VMS systems will have a file extension
of .DAT, however, this extension should never be specified in defining a file name. No file name
extensions are expected on non-VMS systems. File sizes are dependent upon the computing
platform being used.

Identifier ~ Default file name Purpose

inf (none) input file containing line definitions

cfl (none) input file containing MAZE input commands

ofl mazout output file containing results of MAZE execu-
tion

Sl mazsav output file containing record of all MAZE com-
mands; see NOTE *

ofl (none) input file containing geometric finite element
model data

*NOTE: It is important to rename the default output command file “mazsav” prior to any resub-
mission as input for subsequent MAZE analyses. This is necessary as MAZE opens file “mazout”
for output of the MAZE commands and any input is overwritten and lost.

12
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2.3 Model Display with MAZE

The workstation-based window system provides a means for a continuous display of model infor-
mation while running MAZE. Geometries are displayed during all phases in the growth of the mesh
as it evolves from an arbitrary collection of lines into part definitions and, ultimately, the completed
mesh. Mesh elements and nodes may be displayed. This graphics display is provided as an aid in
visualizing the often complex object(s) under analysis. Graphics display is under user control and
may be selectively enabled and disabled. This action is often taken when repeatedly making minor
variations to an established mesh and the analyst need only view the completed result.

2.4  Engineering Analysis

MAZE prepares an input file for the LLNL analysis codes: DYNA2D, NIKE2D, TOPAZ2D, and
CHEMICAL TOPAZ2D. The engineering analysis is then executed which generates the ASCII
printout file and a number of binary plot and restart files. The procedural steps of running the
analysis codes are presented in the user manuals of the respective codes and will not be discussed.

2.5 Post-processing and Results Display

The LLNL analysis codes may write one or two binary plot databases. The state data plot file
family is always created and contains information for complete states at regular intervals; 50 to 100
states of data are typical in a state database. The time history data plot file family contains infor-
mation for selected nodes and elements, but at every solution state; 1000 to 10,000 states of data
are typical in a time history database.

ORION post-processes output from the analysis codes. ORION reads the binary plot databases
produced by LLNL codes. ORION allows plotting of color contours, fringes, deformed shapes, and
time histories in an interactive graphics environment. ORION can compute a variety of strain
measures, momenta, and other response quantities of interest. ORION is supported for the same
computing platforms as MAZE: CRAY/UNICOS, DEC VAX/VMS, and SUN, Silicon Graphics,
Hewlett Packard, and IBM workstations.

ORION uses the graphics library DIGLIB on all platforms. DIGLIB supports a large number of
display and hardcopy graphics devices, including X-Windows and postscript (black and white or
color) for hardcopy output.

13
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3 COMMAND DEFINITIONS

3.1 MAZE Phases

MAZE generates meshes that are two-dimensional representations of models composed of ordered
guadrilateral elements. Each element is defined by its four corner nodes and its material number.
Meshes are created by subdividing the model into regions of interest and then specifying the
element distribution within each region. Groups of elements are called “parts”. Parts can be merged
together to form the meshed representation of a region of the model. The application of boundary
conditions and description of material properties completes the construction of the model. These
activities occur within MAZE in three distinct phases: PHASE | allows the definition of the model
geometry and the subdivision of regions into parts and elements; PHASE Il allows additional
geometry refinement and the establishment of interface and boundary conditions, e.g., slideline
definitions, part merging to eliminate nodes along common interfaces, movement of boundary
nodes for graded zoning, mesh smoothing, and load curve definition. PHASE Il allows the
assignment and description of material properties to model parts, display, and setting of selected
boundary conditions.

Each phase of MAZE activities has its own distinct set of commands. General and Graphical
commands apply to all three phases and can be used throughout the MAZE session. The Region
Polygon Commands apply to PHASE | and PHASE II. The geometry commands of PHASE | are
only applicable in this phase and have no meaning within the subsequent phases. The commands
associated with PHASE Il and PHASE Il follow similar proscriptions. A warning message is
displayed if an inappropriate command is encountered within a phase to which it is not assigned.
MAZE provides no capabilities to return from PHASE Il to PHASE I. This is particularly
important to note when constructing a mesh interactively. It is suggested that the user utilize a
combination of input files and interactive operations for constructing a model.

MAZE provides specific commands for transitioning to the next phase of operations. The first
phase is terminated by the comma#®&SM or PASSM which assemble the parts. Command
WBCD terminates the second phase. This command instructs MAZE to generate the output file
upon receipt of the commanB#D or T.

15



COMMAND DEFINITIONS MAZE User Manual

3.2 Format of Commands

Each MAZE command consists of a keyword or symbol. Commands may be truncated to the first
four unique characters. The command may also require the specification of one or more data items.
All tokens, i.e., commands and data items, must be separated with a minimum of one space. Tokens
may not be split across line boundaries. When MAZE is executed interactively, the user will be
prompted with the display of a period [.]. Following the acceptance of a command, MAZE will
prompt for any required data items by displaying an abbreviated form of the desired data item.

MAZE accepts several formats of numeric data. Floating point data may be expressed in integer
format (eg. 2), decimal format (eg. 2.1), or scientific notation (eg. 2.3e-6).

MAZE accepts integer data in the form of floating point data by truncating any fractional
component. Numeric data strings should not exceed 25 characters in length. Data items requiring
angular input should be specified in units of degrees unless otherwise noted.

All data items required by a MAZE command may be entered immediately following the
command. It is not necessary to receive a prompt. Unless otherwise noted, all required data items
must be specified. Multiple commands and data may be entered on the same input line. A line of
input should not exceed 80 character positions.

MAZE will attempt to identify erroneous commands and data items.

16
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CFILE

END/T
FLDID / NOFLDID

MAZTL tolerance

The MAZE command PARAMETER is used to assign a value to a symbolic name. The feature

3.3 General Commands

Suspend indicator. Each instance of comméandill
cause MAZE to suspend execution for 3 seconds. This
command is useful during command file execution in
allowing the user to view individual graphics frames
before advancing to the next display.

Comment delimiters. MAZE will not process any input
contained between the paired delimiters “{* and “}" or
any input following the comment delimiter “C” on the
current line of input. A space must preceed comment
indicators that are not placed in the first column of the
input file. A space must follow the comment delimiter.

This command is used to return interactive control of
MAZE to the command file specified on the MAZE
execute line.

End / Terminate MAZE.

Include / Omit verbose field descriptors in the MAZE
output file.

Establish MAZE tolerance specification. Nonintersecting
lines within a tolerance of each other will be treated as
intersecting lines by command PART. Nodes closer than
tolerancewill be merged in the part merge commands.
Default: 103

is particularly valuable in allowing users to use symbolic names throughout the MAZE input

file. As such, any modifications to the input file during development or subsequent analysis as

might be performed in “what if ...” scenarios may be made in one localized portion of the input

deck. This eliminates the need to modify numerous instances of “hard-coded” geometric
specifications. Parameters values may be reassigned. The normal placement of the

PARAMETER command within a MAZE input file is immediately before the geometry
definitions. Command PARAMETER must be placed before the command ASSM.
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PARAMETERP; [e4] ... Py [€0]; Assign the value of arithmetic expressmto parameter
p. Each parametep must begin with an alphabetic
Examples: character. Parameters used in subsequent expressions
must be preceeded by the percent character “%".
parameter x [3.14159];
parameter d [180.0 / %x]; Expressions follow mathematical rules of operator
parameter y [sin(1.5708 * %c];  precedence:
parameter v [37 mod 2];
HIGHEST: ~(Exponentiation), *, /, +, and - :LOWEST

Parenthetic operators ( ... ) may be used to order the
expression operations. Expressions may contain operands
derived from arithmetic or trigonometric functions. The
arithmetic and trigonometric functions (degrees) are:

abs: Absolute value
exp: Exponentiation

int: Converstion to integer
log10: Common logarithm
log: Natural logarithm
mod: Modulo arithmetic
sqrt: Square root

COS: Cosine

sin: Sine

tan: Tangent

acos: Arccosine

asin: Arcsine

atan: Arctangent

Brackets “[* and “]” are required around each expression.
The terminating semi-colon “;” is required.

QUIT Exit MAZE. No MAZE output is generated.

SHOWDp; ... By Display the current values assigned to paramepers
throughp,,. The terminating semi-colon “;” is required.

TRAP Terminate MAZE upon occurrence of serious errors.

TTY Return interactive control to the computer terminal.

When MAZE processes the last command in a command
file, control is automatically returned to the computer
terminal unless the last command is END or T.

TV Select new graphics output device. MAZE will display a
menu of available graphics device drivers.

18



MAZE User Manual COMMAND DEFINITIONS

3.4 Graphics Commands

FRAME / NOFRAME Enable / disable display of overlaying reference axes and
tick marks. Default: FRAME

GRID / NOGRID Enable / disable display of overlaying grid of orthogonal
lines. Default: NOGRID

GSETrzd Center display at point coordinateg)(using windowr +

o2, z + &/2. Window will remain set until command
GSET is re-entered. Default: GSET00 0

Zrzd Zoom to point coordinates ) using windowd. Window
size is not retained for subsequent displays.
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3.5 Phase |

Phase | mesh generation commonly begins with a series of line definitions that define the geometry
of the physical component as well as any necessary construction lines. Generally, points are defined
directly in the line definitions rather than with separate point definitions, unless a point is explicitly
needed for a special purpose. Using these lines, the element and nodal topologies are then
constructed by generating MAZE parts. It is often convenient to establish both line and part defini-
tions with parameters. Parameters allow easy mesh manipulation and/or refinement, especially
when constructing complex element topologies or performing parameter studies. There are, of
course, many alternative approaches to Phase | mesh generation.

3.5.1 Points

The coordinates of a point may be defined using a symbolic identifier(s) although points are usually
defined directly in the line definitions. The symbolic name(s) for a point may be used in any MAZE
command requiring the specification of a coordinate pajr (

Point Creation

FLPIL |1 1, r_variable z_variable Define a point at the intersection of lingsandl,. Ther-
and z-coordinates of the intersection point will be
assigned to the user-defined variabtesariable and
z_variable respectivelyr_variable and z_variablemay
be used with command PARAMETER lines |, andl,
do not intersect, command FLPIL will not be processed.
The reuse of command FLPIL overwrites the current
values contained in variableandz_variable

PTDsymbol r z Establish point definition in whickymbolrepresents the
coordinate pairr(z). symbolmay be used with command
PARAMETER

PTSV Display all point definitions established with command
PTD.
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3.5.2 Lines

A line represents an ordered collection of points. Lines are used by MAZE in the establishment of
parts and to define various boundary conditions. MAZE may create lines in several manners.
Simple lines, arcs, or straight segments can be generated directly. Existing lines can be copied with
or without alteration. Lines can be assembled by concatenating a series of points, segments, and
arcs together. In the latter case, command LD is issued to begin the line definition. This is followed
by a series of commands that generate points, straight lines, or curved line segments. Additional
points can then be added either explicitly or by appending segments to the existing line.

The user may define line numbers in the range: 1 to 589, inclusive. A line may be re-defined,
thereby removing its former definition. Lines may not have additional points inserted or deleted
once the line has been defined. Most simple meshes should be constructed using smooth lines, i.e.,
lines with a continuous slope.

Line Graphics

LNON / LNOFF Enable / disable display of line numbers. Default: LNON
LPON / LPOFF Enable / disable line plotting commands. Default: LPON
LvV Display all lines.

LVI nly ...k, Displayn lines consisting of line numbelrs... |,

LVS 1,1, Display all lines between numbédgsandl,, inclusive.
LZOOM Iy Center the current display on line number

Line Segment Definitions

LD n Begin definition of linen. If line n has been previously
defined, this command will replace the former line
definition. Linen may now be constructed by using point
and segment commandss h < 589.

Straight Lines

LPnryz ... 1,2, Definen points €,%) ... (2, to be added to the current
line definition.
LPIL I1 1> Define a point for the current line at the intersection of

linesl; andl,. The intersection coordinates are displayed.
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LRLNr.z10;..0,

LvC O
LvC M4 ol
LvC X5 o -l

CLAPrizroz,

CUBIC @1 E¥5) 92
PCUBIC

LAD r.z.©

LAP T,z 1. %

Definen radial lines of length originating at pointr(,z,)
and oriented at angle®;° ... ©,°. Positive angles are
measured counterclockwise from the positin@xis.
MAZE will assign line numbers to the specifietines to
avoid conflicts with previously defined lines. Command
LD is NOT required prior to command LRL.

Define a line segment by a vector of lenfytiriented at

©°. The vector begins at the last point defined (first
command form) or atr{,z) (second command form{

is measured counterclockwise from the posithaxis. If

| <0, the order of the points is reversed when added to the
line, i.e., the computed point is added first, thesz{).

The first command form adds one point to the line; the
second and third forms add two points to the line.

Curved Lines

Define a circular arc centered &f,4.) beginning at the
last point defined and ending at,,¢5). The arc
constructed will proceed counterclockwise and may
exceed 180 Since there is no guarantee that such a
circular arc exists, the actual arc that is constructed
begins at the last point defined, is centered.&.), and
ends on the ray traced from,¢.) through ¢,z).

Define a free form line segment using a third-order cubic
equation beginning at the most recently defined end point
(r1,zy) with a slope of®,° and ending atr§,z,) with a
slope of©,°. All angles are measured in positive degrees
counterclockwise from the-axis. Command PCUBIC
displays parameters and constants of the most recent line
segment definition generated by CUBIC.

Define a circular arc centered at,£.) beginning at the
last point defined and sweeping through®. A
counterclockwise rotation is representedy 0°.

Define a circular arc centered at,£.) beginning at the

last point defined and ending at;,g). The arc
constructed i< 18C°. If the included angle is exactly
180°, the arc crossing the positiveaxis is selected.
Since there is no guarantee such an arc exists, the actual
arc begins at the last point defined, is centered.at)(

and ends on the ray traced frorg%.) through (4,2).
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LARrzR

LATriz1ro R

LCCNr.z.0105rq...1,

LEPabr,z.©0,0,®

LPTrizr,z R

LPTAT. z R

Define a circular arc of radiuR||beginning at the last
point defined and ending atzj. If R> 0, the center of the
arc lies to the left as one moves from the last point
defined toK(z). If R< 0, the center is to the right. For each
R, two arcs exist; the arc < 180s selected. If the
included angle is exactly 180the arc crossing the
positiver-axis is chosen regardless of the sigiRof

Define a circular arg 180 of radiusR tangent to the last
line segment defined and tangent to line segment joining
(r1,z9) to (r5,2). The line segments will be extended or
truncated, as required. The last point definggizy), will

be replaced by the tangent point on the last line segment
defined. Pointr,z) will be replaced by the tangency
point on the line segment;(z; — r,,2). A cusp will be
formed if point (,,2) is not beyond the tangency point.

Define n lines consisting of circular arcs centered at
(re.Z.) sweeping from angl®,° to ©,°. The radii of then
lines are represented by ... r,, MAZE will assign line
numbers to the specifiet lines to avoid conflicts with
previously defined lines. Command LD is NOT required
prior to command LCC.

Define an elliptic arc centered at,g.) with semi-major
axisa and semi-minor axis. The arc sweeps fro@,° to

©,°, in which both angles are measured from the semi-
major axis.®° represents the inclination of the semi-
major axis measured from the positik@xis. Positive
angles represent counterclockwise rotations. A circular
arc will be constructed & = b.

Define a circular ar€ 18 of radiusR beginning at the
last point defined and tangent to a line segment joining
(ri,z1) to (rp,%). The line segment is extended or
truncated to begin at the tangency point, i.e., line segment
(r.zy — ro) is replaced byr(z — ry2). If the
included angle is exactly 180the arc crossing the
positiver-axis is selected.

Define a line segment beginning at the last point defined
and terminating at its tangency point on an arc of radius
R, centered atr{,z.). Two tangent points can exist. The
tangent point selected is the first one encountered as the
arc sweeps in a counterclockwise directiBr»(0°) or in

a clockwise directionR < 0°) from the positive- axis.

Only the point of tangency is added to the line definition.
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LTASre1zgrotreo o Ry

LTPrzR

ML I 1,

Define a line segment consisting of a circular arc centered
at (r.1,Z1) followed by a straight line segment. The arc
begins at the last point defined and sweeps to the
beginning of the straight segment tangent to this arc.
Rotation is counterclockwise libt = +1; clockwise ifrot

= -1. The straight segment terminates at its tangency
point on a second arc of radiRg centered atr{,,z.,). If

R, > 0, the terminating tangent point is the first
encountered by a counterclockwise rotation from the
positiver-axis; if R, < 0, a clockwise rotation is used.

Define a circular arg 18 of radiusR tangent to the last

line segment defined and terminatingra).(The last line
segment is extended or truncated to be redefined as the
tangency point. If the included angle is exactly 180en

the arc which crosses the positivaxis is selected.

Append linel, to |;. Line |, is removed. Duplicated
points and overlapping line segments are NOT
eliminated. Use command CHKl. |, after command ML

to ensure that the resulting line segment is “smooth”.

Line Segment Definitions: Copied / Offset Lines

LOIrl VAR X%)

LODI

Define a line segment by offsetting a segment of line
such that the new segment beginsraiz{) and ends at
(rp,2). Points of the source segment that lie between the
point closest torg,z;) and the point closest to,(z,) are
offset in a direction locally normal to the curve in order to
create the points of the new segment. The offset distance
is calculated by bilinear interpolation between the
distance from the curve ta4(z) and the distance to
(rp,z). Command LO does not necessarily make straight
lines into other straight lines. New endpointgZ) and
(r»,25) should be oriented in the “same direction” as the
endpoints of the original line segment.

Define a line segment by offsetting line segmerd
distanced. This offset is applied in a direction locally
normal to the given curve. Positigeoffsets| to the left

as one moves along the segment in the direction in which
it was originally defined. Negativ&offsetsl| to the right.

If the initial or final point(s) of the original curve lie on
the vertical axis, but the corresponding initial or final
segment does not lie entirely on this axis, the initial or
final offset is vertical instead of normal to the curve. This
change affects the entire new line segment.
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LSTL | Ar Az

LT | Ar Az
LTM nl; ... I Ar Az
LTSIl Ar Az

VLOD | 3, 3,

Define a line segment by translating the entire lia@
offset of Ar andAz

Translate lind by offsetAr andAz
Translaten linesl, ... |, by offsetAr andAz
Translate consecutive linggl,, by offsetAr andAz.

Define a line segment by offsetting a distadcéom the

first point and a distana® from the last point of liné.
Intermediate points are linearly interpolated betw@gn
andd,. This offset is applied in a direction locally normal

to the given curve. Positive values dfoffset the line
segment to the left as one moves along the segment in the
direction in which it was originally defined. Negative
values ofd offset the line segment to the right.

Line Segment Definitions: Tab Cell Data

LTBCNOAOSR ... R,

LTBO m 61 Wkék

CKL 14 I,

DELETEI
LPRII
MLN
NDL

Define a line segment with tab cell data. Tab cell data
consists of radii, each separated Bp°, starting aB°.
Each radius is scaled b$ Positive angles represent
counterclockwise rotations. The first point created will be
at ©°. A maximum of 360 points may be defined. The
scale factor is incorporated into the stored radii values.
This may be used in subsequent LTBO commands.

Define a line segment by offsetting the last line segment
defined with the commands LTBC or LTB®), is added

to the radii of the firstn; points;d, is added to the radii

of the nexim, points. NOTEn=my + ...+ my, wheren is
defined by the most recent LTBC command. Only the
segment generated with the last LTBC/LTBO command
is offset, not the entire line containing the segment.

Auxiliary Line Operations

Examine all lines fronh; to |, (inclusive) to eliminate all
external angleg 12C° and coalesce all duplicated points.

Delete linel.

Print the coordinates of lineon the terminal.

Print the maximum line number used.

Print the numbers of all lines that have been deleted.
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3.5.3 Parts

A part is an ordered set of elements having a unique material number and part identification
number. Parts are defined by specifying their boundaries as an ordered set of lines (or points), their
material number, and specifiers denoting the pattern for subdividing the part into elements. Parts
are numbered consecutively and automatically by MAZE.

MAZE creates elements within a part: boundary nodes are established by subdividing the edges of
the part, using arc length or angular position; interior nodes are computed by interpolation of the
edge nodes. Elements are either triangles or quadrilaterals. Elements may be subdivided for the
creation of transition regions.

Users may select parameters governing the subdivision of edges, weighting the element sizes with
respect to one end or one corner of the part, specifying explicit points (via line definitions) for use
in subdividing the part edges, and requesting that the number of elements change from one edge to
the opposing edge on the other side of the part.

The lines comprising a part must be specified in counterclockwise order. The lines must intersect
each other at the corners of the part but need not end at the corners.

Part Graphics

LVPV Display all lines and parts. Node points will be shown
within parts.

PNON / PNOFF Enable / disable display of part humbers within plots.
Default: PNON

PPON / PPOFF Enable / disable display of part plotting. Default: PPON

PV Display all parts. Elements will be shown within parts.

PVInp ... py Display n parts consisting of part numbeps ... p,.

Elements will be shown within parts.
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Evenly Weighted Zoning - Quadrilateral Regions

PART L, L, Lg Ly material k m Define the four sided region ofaterialbounded by lines
L1, Ly, Lg, andL, to be a part witlhk elements along sides
L, andLz, m elements along sidés andL,. If kormis
equal to zero, then the poirtg, L or L,, L4 will be used
as nodes. The number of elements will then be one less
than the number of points in these lines.

QUAD T, 7 ... 1y 2o material k m  Define the four sided region ohaterial bounded by
cornersry,z; ... 4,24 to be a part wittkk elements along
sidesry,z7 — rp,2 andry,z, — r3,z3, melements along
Sidesrl,Zl — 4,2y andr2,22 - 13,23

RECTr; 1 r3 zg material k m Define the rectangular region aofiaterial bounded by
opposite cornersq,zy and r3,zz to be a part withk
elements in the direction,m elements in the direction
The sides of the part will be parallel to thendz-axes.

Quadrilateral Transition Parts

The following transition commands are entered as a preface to a PART, QUAD, or RECT
command. These commands do NOT apply to triangular parts or parts with variable zoning.

T12 Causes the row of elements along part sigldo be
subdivided into two times the number of elements in the
rows “parallel” to sided; andLj. If L3 contains an odd
number of elements, then one additional element is
created on sidk,.

T13 Causes the row of elements along part sigldo be
subdivided into three times the number of elements in the
rows “parallel” to sides; andLs.

T21 Causes the row of elements along sidg to be
subdivided into one-half the number of elements in the
rows “parallel” to sides; andL3. SideL, must contain a
guantity of elements which is a multiple of two.

T31 Causes the row of elements along sidg to be
subdivided into one-third the number of elements in the
rows “parallel” to sides.; andL3. SideL; must contain a
guantity of elements which is a multiple of three.

TRANS Changes the part to one containky m elements along
sidesL, and L, and m elements along sidds; and L.
Zoning subdivides the specified region into three
guadrilateral subregions.
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Evenly Weighted Zoning - Triangular Regions

PART |_1 L2 |_3 L3 mat k m

PARTL; L, L3 0 matk m

TRlQ 1123273 mat k m

TRITryzirpzrg3zgmatk m

Define the three sided region of matenadtbounded by
linesLy, Ly, andLg to be a part withk + melements along
sidesL; andL,, 2m elements along sides;. Zoning is
accomplished by subdividing the specified region into
three quadrilateral subregions.

Define the three sided region of materatbounded by
linesL, Ly, andLg to be a part witk elements along side
L, m elements along sidek, and Ls. k triangular
elements will exist at the intersection of lingsand L.

The vertex with triangular elements will only be
identified as a corner node if there are one or three
elements at the vertex.

Define the three sided region of matenadtbounded by
(r1,z), (r2,2), and (3,z3) to be a part witlk + melements
along side (3, — ry,%) and side 1,2, — r3,z3), 2m
elements along siderfz; — rq,z). Points must be
specified in counterclockwise order.

Define the three sided region of materatbounded by
(r1.z9), (ro,), and (3,z3) to be a part witkk elements
along side oner{,z; — r,,%), melements along side two
(rp,zy — r3,z3) and side three{,z; — r1,z;). ktriangular
elements are created at vertex,z). The vertex with
triangular elements will only be identified as a corner
node if there are one or three elements at the vertex.

Regions Bounded by a Line and an Arc or One Arc

PART |_1 L2 |_2 L2 mat k m

PART Ll Ll Ll Ll mat k m

Define the region of materiahat bounded by lined
andL, (one line must be straight and one line must be an
arc) to be a part witm+ k+ k+ melementsk= 3; m=

2) along sided.; andL,. Zoning is accomplished by
subdividing the specified region into six quadrilateral
subregions containing a total ah2+ 4kmelements.

Define the region of materiatat bounded by elliptic arc

L, to be a part with 20+ k + k+ m) elementsk= 3; m

= 3) along ard.;. Zoning is accomplished by subdividing
the specified region into twelve quadrilateral subregions
containing a total of @’ + 8km elements.
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Nodal Spacing Weighted in One or Both Directions

PART ... [[material -k m R Define a four sided part ohaterial with nodal spacing

QUAD ..HOmaterial k -m R and element sizing that transitions smoothly across the

RECT ...0lmaterial -k -m RR, part.Ry is the ratio of the first segment length, i.e., node
spacing, to the last segment length along etigesdL .

Note: PART, QUAD, RECT, andR, is the ratio of the first segment length to the last

their arguments are as defined f@egment length along edgés and L,. The “first”

quadrilateral regions. direction is from sidé.; to sidelg; the “last” direction is
from sideL, to L.

Nodal Spacing Explicitly Weighted Along Each Side

PART ...[] Define a four sided part ahaterial with independent
QUAD ..0J-materialkmR... Ry nodal spacing and element sizing that transitions
RECT .. smoothly across the paR, ... Ry are the ratios of the first

segment length, i.e., node spacing, to the last segment
Note: PART, QUAD, RECT, andlength from: corner 1 corner 2; corner 2- corner 3;
their arguments are as defined farorner 3— corner 4; and corner 4> corner 1.
guadrilateral regions.

Line Points to Define Nodal Spacing Locations

[material Om  Define a four sided part ohaterial If k = 0, each point
PARTL, L, LgL, Omaterial k0 of linesL; andL3 will become a node. If there grpoints
[inaterial 0 0 alongL, andLg, there will bgf — 1 elements along these
edgesm elements will be created along edggesindL,.
Note: PART, QUAD, RECT, andConversely, ifm = 0, each point of linek, andL, will
their arguments are as defined fdrecome a node, arkl elements will be created along
qguadrilateral regions. edgesL; andLs. Fork = 0 andm = 0, all points along
each edge will become nodes. The total number of points
along corresponding edges must be the same. Corner
points will always be nodes and only those points located
between corner points will become nodes. No line may
extend more than one point beyond a corner.
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PART-L, L, L. Lgmatkm f; ...
napa-z

PART -L4 Ly -Lc Lgmat k m A...
a C C
n pa_zn 1--- N pc-2

PART L, -Ly, Lo Lgmatk mf; ...
nbpb-2

et cetera

PAR;'-La Lp Lc Lgmat -k m Rn?;
e n pa_2

Define a four sided part of materia@at Along sidel
place n®; elements between the first two pointS,,._,
elements between the nep&-2 points, et cetera. The
number of elements in the last interval is unspecified in
order to satisfik. Nodal distribution along the remaining
sides is unaffected. Not all subdivisions need be defined:
specifyingn?; n?, 0 will define the number of elements
between points 1 and 2, then 2 and 3 of sigeThe
remainingk - rf; - n®, elements will be equally spaced
between the third point and corner 2. No line may extend
more than one point beyond a corner.

Define a four sided part of materiakt using previously
described element and nodal spacing procedures.
Weighted nodal spacing will apply only to sibg since
the explicit nodal spacing takes precedence overgide

Nodal Spacing Based on Angular Position

AZOFF
AZONNS ... § 1.z,

Disable equal angular zoning.

In subsequent PART commands, nodes will be distributed
along sidesy. (; < < 4) Using equal angular spacing based
on the center point{, Z.). This command will remain in
effect until either another AZON or AZOFF command is
given. This command will override explicit nodal spacing
specifications.

Part Duplications

CLONE N matAr Az ©

RFLIP n mat

ZFLIP n mat

Define a part of materiahat by duplicating parh. The
duplicated part will be translated b&r{Az) and rotated
©° counterclockwise from the positiveaxis. The axis of
rotation is perpendicular to thez plane and passes
through (0,0).

Define a part of materiahat by duplicating parh. The
duplicated part will be rotated about thaxis.

Define a part of materiahat by duplicating parth. The
duplicated part will be rotated about thaxis.
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AOR©

BPNn

DP m

FIXPn
GEOZ

MG nm

NLD L m

NLD L-m R

NLD LO

NLD -Lmn ... ny

REXTn rx

RMIN n rmin

ZEXT n zx

ZMIN n zmin

Auxiliary Part Commands

MAZE will attempt to establish a node at the vertex of
“sharp” angles< ©° in part boundary lines in order that
the angles be preserved within the part description.
Angles= ©° may be smoothed in the part description.
Angle preservation may be eliminated by settihg 0°.
Default:© = 120°

Number parts consecutively beginning with part number
n. This command must be invoked prior to defining any
parts. Defaultn =1

Delete partm. Number m will not be re-used if
subsequent parts are defined.

Setr andz constraints for par.

Switch between algebraic and geometric zoning.
Default: algebraic zoning

Merge interface nodes of partsand m having the same
coordinates. Parts and m must have the same material
number. The merged part will become parpartm will

no longer exist. Numbem will not be re-used if
subsequent parts are defined.

Establish a node line definition. The node line will consist
of m+ 1 nodes spaced along lihe These nodes will be
written into the MAZE output file. Operations wf< 0,

m = 0, andL < O function as described in the PART
commands. Node lines do not allow equal angle zoning.

Scale parin to extendrx units in ther direction. This
command may translate the part. Command RMIN will
return the part to its original location.

Translate partn to have minimum r-coordinate value
rmin.

Scale partn to extendzx units in thez direction. This
command may translate the part. Command ZMIN will
return the part to its original location.

Translate parin to have minimum z-coordinate value
zmin
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3.6 Regions

The class of region commands allows users to define a polygonal region surrounding an existing
item of MAZE mesh geometry as an alternative method of referencing boundary nodes. Region
polygons may be defined for points, line segments, curves, and arcs. All boundary nodes enveloped
within the polygon’sadius or tolerancearea may then be referenced via the region identification
number without regard to the individual node numbers. Users may define slidelines and boundary
conditions by virtue of a boundary node’s containment within the region polygon rather than
specific node number. This capability will retain established slidelines and boundary conditions
during on-going analysis wherein node numbers might be altered, e.g., the inclusion of another part
within the analysis problem or modification of the mesh density, without requiring modification of
the MAZE input file to reflect the updated node numbering sequence.

A single region may envelope coincidental nodes of adjacent parts. Slideline and boundary condi-

tions may still be established using the class of region commands. For example, to establish a
slideline between Part 1 and Part 2 sharing a coincident side between coordinates (4,0) and (4,5),
the user might enter the following sequence of commands:

linr50.054.00.04.05.0

plb
slvr 5
p2b
msrr 5

The region commands which define a specific region are both PHASE | and PHASE Il commands.
However, MAZE commands which reference the polygonal regions and the nodes contained
therein, e.g., commands MSRR, BCRN, et cetera, are PHASE Il commands.

ARCR region radius a b y z. ©; Define araegion of radiusdefined by semi-major axés

O,0 semi-minor axis, and centered around..). The arc
will sweep from@,° to ©,° and be placeg® between the
semi-major axis and theaxis.
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BCRN symbol region

CRVR region tolerance n{z ...

'nZn
LDR region tolerance line

LINR region tolerance 1z r, 2,

PNTRregion radius r z
RV
RVI n region, ... region,

Assign the node number of a single boundary node
contained within a previously defineggionto symbol If

region contains more than one boundary node command
BCRN will not process any data. This command is a
variant of command PARAMETER. Angymbolused in
subsequent expressions must be preceeded by the percent
character “%”. This command must be preceeded by
command B.

Define curve region of tolerance defined by n
coordinated pairs; z; ... I, Z,

Define line region of tolerance bounding the line
previously defined by command LD.

Define linearregion of tolerance bounding the line
connecting 1(3,z;) and (,,%).

Define pointregion of radius centered around point%).
Display all previously defined regions.

Displayn previously defined regioneegion ... region,.
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3.7 Transition From Phase | To Phase I

Mesh Assembly

ASSM Assemble mesh from all previously defined parts.
Command ASSM will not merge parts.

PASSMn p; ... p Assemble mesh from a subsenhgdarts consisting of part
numbersp; ... p,. Command PASSM will not merge
parts.
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3.8 Phase Il

Commands that act upon boundary nodes must be assigned in one of three manners: a. node-to-
node; b. part side; or c. region. The boundary node commands will be applied: a. fromtoode
noden; b. to nodes along part sideor c. to nodes within region These commands must be
preceeded by the command sequence:

P part_numbeB

Selected section headings and MAZE command syntax definitions may specify one or more
analysis codes. Each code is identified to indicate the restricted command(s) applicability.
TOPAZ2D and CHEMICAL TOPAZ2D codes will collectively be called TOPAZ.

3.8.1 General Commands

B Establish and display boundary nodes defining sides of
partn. Command B must follow command P and must
preceed all commands associated with boundaries.

BLEND option Set smoothing option for use by commands GS and S:
EQ. 0.0: equipotential smoothing
EQ. 1.0: isoparametric smoothing
0.0< option< 1.0: combined blending
This command must be used before commands GS and S.

CBNRregionr z Change coordinates of single boundary nodegion to
coordinatesr(z).

CNmrz Assign nodem new coordinates,g).

CNMN m n Set nodem coordinates to be same as nodmordinates.

FLCDid tg t, n [function()] Define load curved containing time-function points

function points are determined by evaluatfogctiong)
within the rangdy, throught,,. Only parameter “t” is valid
for evaluation of the time function. The function
expression must be enclosed within brackets “[* and “]".

FLIP Interchange axes of symmetry.

GS Smooth all parts.

LCDidmt fy ...ty Define load curve definitiomd containingm pairs of
time(t)-functionf) points.

Pn Set parin for modification.

R Restore mesh to the condition existing after executing

commands ASSM or PASSM.
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SIDE

A

AML

ASmn

ASL

CNPO / CNPS

DBN

DSN

ELPLT
ELPMN Py ... By

G
NDPLT

NDPM N Py ... [
LCV

LCVInlc; ... g,
@)
0oG

TEr z Al

Smooth mesh of parh. This command must be
preceeded by command P.

Establish boundary defining sides of part Display
boundary with side identification only. Command SIDE
must follow command P and must preceed all commands
associated with boundaries.

3.8.2 Graphics Commands

Display all slidelines.

Display all master sides of slidelines.
Display slidelinesn throughn.

Display all slave sides of slidelines.

Display / do NOT display corner nodes. These commands
must be proceeded by command B.

Delete boundary nodes from boundary plots generated by
command B. Re-entering command will restore boundary
nodes in subsequent displays.

Delete side numbers from boundary plots generated by
command B. Re-entering command will restore side
numbers in subsequent displays.

Display element numbers on mesh of materials.
Plot element numbers on mesmgdartspq ... .
Display complete mesh grid with part numbers.
Display node numbers on mesh of materials.

Plot node numbers on meshropartsp; ... [,
Display all load curves.
Displayn load curves consisting of curvigsy ... Ig,

Display complete outline of parts with part numbers.

Display complete outline of parts with part numbers
surperimposed over grid.

Display element numbers and coordinates of all element
centroids contained within window £ Al/2, zx Al/2).
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TNrzAIl

TNCn

Display node numbers and coordinates of all nodes
contained within the windowr & Al/2, z+ Al/2).

Display nodal coordinates of nodeThis command must
be preceeded by command P.

3.8.3 Merging

All nodes closer than the tolerance specified by command MAZTL will be merged in the part

merge commands.

GM p, Pm

M Py Pm

MG p, Py

MGM m gy p;g - By

MGM -pg Pm

MGN nm

Merge all common interface nodes of pastsand py,
Coordinates of edge nodes on the part containing the least
number of nodes will remain unchanged. Only the
beginning and ending nodes of the interface are required
to have common coordinates. A minimal number of
triangular elements may be created in order to
successfully merge all nodes along the common interface.
If these parts have the same material numipgryill be
merged intop,. Upon completion of the merge only the
combinedp,, will remain. The identify ofy, will be lost.

Merge all common interface nodes of pantsand m
having same coordinates. Part identity is maintained
regardless of the material numbers of each part.

Merge all common interface nodes of pantsand m
having same coordinates. If these parts have same
material number, parh will be merged into pam. Upon
completion of the merge operation only the combined
partn will remain. The identify of pamn will be lost.

Mergem parts with parpy to form a new part. The new
part will be identified with part number @f. m merge
operations will proceed in accordance with the ordering
of partsp; ... g Upon completion of each successive
merge operation, the next part in the list must share all
common interface nodes with the newly merged part. All
parts must have the same material number.

An alternative form of command MGM in which paps
to p,, represent consecutive parts of the same material.

Merge nodesr andm. The coordinates of the remaining
node will be assigned the coordinates of node n. Nodes
andm do not need to be close.
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3.8.4 Nodal Modification and Spacing

BD mn
BDSs

EA mn
EASs

ERmMmnN
ERSs

ESmn
ESSs

EZmn
EZSs

VA m n ratio
VAS s ratio

VS m n ratio
VSSs ratio

Remove kinks from boundary. Kink removal is
performed in a counterclockwise direction.

Assign spacing of boundary nodes such that the included
angle at point (0,0) between any two adjacent boundary
nodes is equal.

Assign equal spacing of boundary nodes dhirection in
a counterclockwise direction.

Assign equal spacing of boundary nodes in a
counterclockwise direction.

Assign equal spacing of boundary nodeg direction in
a counterclockwise direction.

Assign spacing of boundary nodes in tago of the first
angle at point (0,0) to the last segment angle.

Assign variable spacing of boundary nodes. Spacing is
assigned in theatio of first segment length to last
segment length.

3.8.5 Nodal Boundary Conditions: DYNA2D - NIKE2D

NBC m n code
NBCRT code
NBCSs code

NBCC corner code

RCONR

ZCONZ

Define boundary nodes to be assigned boundary
conditioncode

EQ. 0: no constraint

EQ. 1:r direction constraint

EQ. 2: zdirection constraint

EQ. 3: bothr andz direction constraints

If the codeis not one of the above, the value specified
will represent the angle (degrees) between the positive
horizontal axis and the direction of motion along a sliding
boundary. If an angle of°Q 1°, 2°, or 3 is desired, the
user must specify an approximation to the desired angle,
e.g., specify 1.9999... or 2.00...1, for an angle®of 2

Define boundary constraint ocorner to be assigned
boundary conditiorcode See command NBC for code
descriptions.

Constrain in the horizontal direction all nodes located on
the liner = R.

Constrain in the vertical direction all nodes located on the
linez=2

38



MAZE User Manual

COMMAND DEFINITIONS

3.8.6 Nodal Loads: DYNA2D - NIKE2D

CNLmnkgroi
CNLC corner_node kyr, i
CNLSsknryi

PBCmnkgr,
PBCRrkryr,
PBCSsknr,

SBCmn k sf pfgz. © radius s
SBCRr k sf pf ¢ z. © radius s
SBCSside k sf pfyz. © radius s

Assign concentrated nodal loads to act in diredtion

EQ. 1:r direction

EQ. 2: zdirection

Nodal loads are assigned in a counterclockwise direction.
Nodal loads vary in time according to load cukv@he
scale factor on load cunkevaries linearly fronr, tor,.

Assign pressure loads boundary condition. Pressure loads
are assigned in a counterclockwise direction. Pressure
loads vary in time according to load curikeThe scale
factor on load curvé& varies linearly fronr; at boundary
nodemtor,at boundary node. If load curvek < 0O, then

k = |k| and the loading flag switches the pressure load to a
shear load.

Apply a spatially nonlinear pressure boundary condition
on a part. The pressure magnitude varies temporally
according to load curvk The spatial pressure variation
is determined by the geometric scale functsband is
dependent on the distand®f the boundary nodes from a
line which passes throughr.f) at angle @°. A
projection flag, pf (O: off; 1: on), will multiply the scale
function by the dot product of the line normal and the
local boundary normal. Theadius denotes a cutoff
distance limiting the non-zero scale function range (sf =0
for d > radius). If load curvek < 0, thenk = |k| and the
loading flag switches the pressure load to a shear load.

scale functiorsf:

EQ.1:1

EQ. 2: cosd/9

EQ. 3: cod (d/9

EQ. 4: 1/ (exp@®s?) / 2)) Gaussian
EQ.5: 1/d

EQ. 6: cos (siit(d/s))
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3.8.7 Prescribed Nodal Kinematics

DBCmnkprsi Assign displacement time history to boundary nodes to
DBCRrkryryi act in direction:

DBCSs krryi EQ. 1:r direction

(NIKE2D) EQ. 2: zdirection

Displacement time histories are assigned in a
counterclockwise direction. Displacement time histories
loads are specified by load cutkeThe scale factor ok
varies linearly fronr tor,.

AV Wr; zZ. Set initial angular velocity), about the normal axis
passing throughr{z,) of all parts. This command is
applicable to plane strain and plane stress geometries

only.
IV v v, Set initial velocity components of all parts t@\).
IVN M N ¥ VornVin Van Set initial velocity components of nodesthroughn to

(Vrmy Ve @nd §,n,Vy,), respectively. Initial velocities of
nodes betweem andn are linearly interpolated.

IVP n v v, Set initial velocity components of parto (v,,V,).

NRBNmMn Assign a non-reflecting boundary condition. Boundary
NRBRT condition is assigned to nodes in a counterclockwise
NRBSs direction.

(DYNA2D)

VBCmnkgryi Assign velocity time history to act in direction
VBCRrKkryryi EQ. 1:r direction

VBCSsknryi EQ. 2:zdirection

(DYNA2D) Velocity time histories are assigned in a counterclockwise

direction. Velocity time histories are specified by load
curvek. The scale factor dkvaries linearly fronr, tor».
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3.8.8 Slideline Definitions

Slideline definitions are established through a series of steps. The user must first define the
slideline number and type of slideline (command SLN). The entire master (or slave) line is then
described followed by the entire slave (or master) line using commands MSRS, MSRR, MSRS,
commands SLV, SLVR, SLVS, or commands SLBMP, SLBP. The nodes along (or sides of) the
master (or slave) side must be defined such that as one travels around the completed slideline,
from the first node defined to the last node defined, the direction around the part(s)s is
counterclockwise. Furthermore, when commands SLV and MSR are used, MAZE
automatically reverses the nodal ordering in the slideline defintion which is output if the
direction from node to nodem is clockwise.

Slideline definitions must be preceeded by command SLN. If a slideline number has previously

been established, reissuing the defining command replaces the former definition.

MSRmM n
MSRRr
MSRSs

SLBMP p, Pm

SLBP P, Pm

SLN n type
(DYNA2D, NIKE2D)

SLN N4 gy B
(DYNA2D)

SLNn4f
(NIKE2D)

SLN N5 r'aji Zail TheadZhead
(DYNA2D)

SLN N5 f &Py eak
(NIKE2D)

Define master side boundary. Boundary node assignment
is made in a counterclockwise direction.

Add a slideline between merged pagisand p,,. The
surface op,, along interface represents the slave surface.

Add slidelines between adjacent parps and p,, The
surface of partp, along the interface represents the slave
surface. If more than two parts lie along the slideline, this
command must be successively repeated as one moves
along the interface keeping the slave surface to the left.

Define slidelinen of type

EQ. 1: Sliding only

EQ. 2: Tied

EQ. 3: Frictionless sliding with voids

Define slidelinen of type 4: frictional sliding with voids.
The static coefficient of friction igle. The dynamic
coefficient of friction isp,. The exponential friction
decay constant 8.

Define slidelinen of type 4: frictional sliding with voids.
The static coefficient of friction ig..

Define slidelinen of type 5: stone wall. The master
surface is defined by any normal vector originating on the
wall at (qj.%45i) and terminating atrfeagzhead. and is
assumed to be flat and infinite in extent.

Define slidelinen of type 5: tie breaking. The coefficient
of friction f is defined for this slideline. Stra@Pyeqx
denotes plastic strain to fail tiebreak.
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SLNn6f
(DYNA2D, NIKE2D)

SLNn 7P,
(NIKE2D)

SLNn7qr
(TOPAZ)

SLNn8Ic
(NIKE2D)

SLNA 0,° 0,°
(DYNA2D)

SLV m n
SLVR—
SLVSs

SLVM material_number

SLVN mn
SLVP part_number
(DYNA2D)

SMNO offset
(DYNA2D)

Define slidelinen of type 6: single surface contact. Single
surface contact prevents interpenetration between
portions of slave surface. A master surface definition is
not required. The static coefficient of frictionug

Define slidelinen of type 7: eroding pressure contact with
separation. This slideline is used in conjunction with auto
rezoning to erode material under an erosion presiure

Define slidelinen of type 7: thermal. Conductangeand
radiation factor = O€F are required for this slideline.

Define slidelinen of type 8: merge/release and sliding
with separation. This slideline allows merged slideline
nodes to be released according to load ciecvd.oad
curve gives number of nodes released as a function of
time (useful for fracture).

Add slideline extensions to beginning and end of master
surface of DYNA2D slidelines type 1: sliding only, and
type 3: frictionless sliding with voids. Angles are mea-
sured counterclockwise from horizontal axis. Extensions
default to directions tangent to first and last master seg-
ments. When moving along the master surface such that
the slave side lies to the lef®,° is extension at the
beginning of the master af@},° is extension at the end.

Define slave side boundary. Boundary node assignment is
made in a counterclockwise direction.

Set all nodes ofmaterial number nodesm throughn
(inclusive), or all nodes gbart_numberas slave nodes
for DYNA2D slideline type 5: stonewall. DYNA2D
slideline type 5 and command P must be invoked prior to
using command SLVM.

Add offsetto all nodes specified with command SLVN.
DYNA2D slideline type 5 and command P must be
invoked prior to using command SMNO. Command
SMNO must be invoked prior to using command SLVN.
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ATN tolerance
(NIKE2D)

ATT tolerance
(NIKE2D)

IPF flag
(NIKE2D)

LAF flag
(NIKE2D)

MSDF flag
(NIKE2D)

SLFSEgiure
(NIKE2D)

SLNEXT on | off
(DYNA2D)

SLNInm
(DYNA2D)

SLNP factor

SLNStolerance
(DYNA2D)

SPFflag
(NIKE2D)

SSDFflag
(NIKE2D)

3.8.9 Slideline Control

Set Lagrange augmentationolerance in normal
direction. Default: 0.0

Set Lagrange augmentatiotolerance in tangential
direction. Default: 0.0

Set interface penetratidiag for NIKE2D slideline type
3: frictionless sliding with separation and type 4:
frictional sliding with separation with voids.

EQ. 0: none (Default)

EQ. #: interference load curve number

Set Lagrange augmentatitiag:

LT. O: fixed number of augmentations

EQ. 0: no augmentations (Default)

EQ. 1: augmentations with convergence (multiplier)
EQ. 2: augmentations with convergence (gap)

Set master surface descriptika:
EQ. O: surface not smoothed for contact (Default)
EQ. 1: surface smoothed for contact

Set slideline failure strai&,j, . Default: 0.0

Enable / disable slideline extension bypass option.
Parameters “on” and “off” must be explictly entered.

Slidelinen intersects slidelinen. Intersection data applies
only to sliding, tied, and frictionless sliding with voids.

Assign a penalty function scafactor to most recently
defined slideline. This command applies to all slideline
types permissible in NIKE2D but only frictional sliding
with voids (type 4) in DYNA2D. Default values of 0.1
(DYNA2D) and 1.0 (NIKE2D) are recommended. This
command must be preceeded by command SLN.

Set tolerance for determining initial gap.

Set small penetraticihag:
EQ. O: all penetrations considered (Default)
EQ. 1: only small penetrations considered

Set slave surface descriptitiag:
EQ. 0: surface not smoothed for constact (Default)
EQ. 1: surface smoothed for contact
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3.8.10 Explosives: DYNA2D

BDET mn
RDETTr
SDETs

BLAST option id valug value,

DECAY O n reference_distance

DETPnt{m
DETCside fm

GUN option id valug

LDETmn ... ny

LUT idndy ty ... dh t,

Assign detonation line boundary condition. Detonation
nodes are assigned in counterclockwise direction.
Commands must be preceeded by command B.

Set blast firing parameters needed to calculate pressure
delay times on subsequent pressure boundary definitions.
Lookup tableid contains pressure front location verses
time. id must be defined prior to invoking command
BLAST (see command LUT). Delay times are linearly
interpolated from table using segment distance from
reference planeption parameter defines reference plane
asr =value(option= 1) orz = value(option= 2) -- (See
table below). This command must be invoked prior to
calling commands PBC, PBCR, or PBCS.

Set decay multiplier parameters of load curve:

multiplier = a (nodal_distance’ reference_distangg

with respect to reference node distance and power (0, 1,
2, or 3)n of equation. This command must be invoked
prior to calling commands PBC, PBCR, or PBCS.

Assign nodal poinh or all nodes omsideto be located at
a detonation point lit at timg. If material numbem =0
all high explosive materials are lit.ii Z O only material
mis lit. Commands must be preceeded by command B.

Set gun firing parameters needed to calculate pressure
delay times on subsequent pressure boundary definitions.
Lookup tableid contains pressure front location, e.g.,
projectile’s aft, versus timed must be defined prior to
invoking command GUN (see command LUT). Delay
times are linearly interpolated from table using segment
distance from reference plangption parameter defines
reference plane as = value (option = 1) orz = value
(option = 2). (See table below). This command must be
invoked prior to calling PBC, PBCR, or PBCS.

Establish detonation line consistingrafnodal pointan;
... Ny This command must be preceeded by command B.

Define lookup tabled containingn distances and times
for establishing pressure boundary curve parameters. All
distances and times not contained in the table are linearly
interpolated. All times reported on pressure boundary
curve are less than zero. This command must be invoked
prior to calling commands PBC, PBCR, or PBCS.
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RSHADr Establish a shadow boundary. Shadow boundary nodes
SHAD mn are assigned in a counterclockwise direction. Detonation
SSHAD s points must be defined with command DETP. Command

must be preceeded by command B.

SDVEL vos vis Establish detonation velocity of high explosive outside
shadow regiorvos and within shadow regiowis. This
command should be used only with the Huygens option.

The following table describes the acceptable specifications to be providemiudgr andvalue,
with the availableptionof command BLAST and command GUN:

Blast and Gun Option and Value Table

option Setting ofvalug Setting ofvalue,
0 disable
1 r reference coordinate (planar)
2 zreference coordinate (planar)
3 slope of reference line (linear) y intercept of reference line (linear)
4 r reference coordinate (point) zreference coordinate (point)
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3.8.11 Arbitrary Lagrangian-Eulerian Formulations:
DYNA2D

ALE / ENDALE Initiate / terminate arbitrary Lagrangian-Eulerian (ALE)
material formulation sequence. ALE functions are
defined in the table below.

ABS begin end material type Set ALE boundary segments for individual material
ABSR region type boundary segments. Each boundary segment consists of a
ABSSside type beginning nodebegin and ending nodend defined in

counterclockwise order, material numbseraterial to
which these nodes are associated, and boundary
relaxationtype If typeis not specified, the default (no
relaxation) will be invoked.

EQ. 0: No relaxation (Default)

EQ. 1: Equal spacing

EQ. 2: Normal projection from interior

EQ. 3: R-constraint

EQ. 4: Z-constraint

EQ. 5: Equipotential (symmetric reflection)

EQ. 6: Equipotential (antisymmetric reflection)

EQ. 7: Proportional to interior

Commands ABS, ABSR, and ABSS must be preceeded
by command P. These commands establish boundary
conditions and are NOT members of the following table:
“Arbitrary Lagrangian-Eulerian Formulation Sequences”
table.

The following table describes the Arbitrary Lagrangian-Eulerian formulation sequences:

Arbitrary Lagrangian-Eulerian Formulation Sequences

Formulation Command Definition Default
matnn DYNA2D material number 0
nstrsteps number of time steps between remap 0
mattype material advection type 0
vattype velocity advection type 0
rwf factor remap weighting factor 0
beooption boundary extrapolation option 0
mri relaxation mesh relaxation at initialization 0
mmn mag ... maj, number of merged materials 0
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Arbitrary Lagrangian-Eulerian Formulation Sequences

brf flag boundary relaxation flag 0
stencilfactor stencil combination factor 0.0
rsf factor remap scaling factor 0.0
angle®° angle criterion (degrees) 0.0
areaarea area criterion 0.0
starttime ALE start time for material 0.0
endtimetime ALE end time for material 0.0
mdttime material death time 0.0
vl limit volume limit 0.0
mind increment minimum displacement increment 0.0
maxdincrement maximum displacement increment 0.0

3.8.12 Nodal Constraints: DYNA2D - NIKE2D

CNPcnodemnii Establish a constrained nodal pair. Constraining node
CNPBcnode s i cnodedenotes the first node of the constrained nodal pair.
The boundary nodes must be defined in counterclockwise
order. The direction of constraint
EQ. 1: radial constraint
EQ. 2: axial constraint
EQ. 3: radial and axial constraints

The following table describes the actions taken by the constrained nodal pair commands CNP and
CNPB when duplicate constrained nodal pairs are entered:

Constrained Nodal Pair Boundary Condition Action Table

Duplicate Constrained Original Constrained Action
Node Direction Node Direction
1 1 Duplicate nodal pair is not entered into
list. Original nodal pair is retained.
1 2 Duplicate nodal pair is entered into list.
1 3 Duplicate nodal pair is not entered into

list. Original nodal pair is retained.
2 1 Duplicate nodal pair is entered into list.
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Constrained Nodal Pair Boundary Condition Action Table

2 Duplicate nodal pair is not entered into
list. Original nodal pair is retained.

3 Duplicate nodal pair is not entered into
list. Original nodal pair is retained.

1,2,3 All previous instances of nodal pairs

containing direction codes: 1, 2, 3 are
deleted from list. Duplicate nodal pair is
entered into list.

3.8.13 J-Integral: NIKE2D

JCOORDC, ¢,

JCTmn
JCTCcorner
JCTRr
JCTSside

JINT contours p p,

JPHASEpIus minus larrot

JTHERM option

Set x- and z-components,(c,) of the crack tip location.
This command must be preceeded by command JINT.

Include boundary nodes in crack tip definition.
Commands must be preceeded by commands JINT and
B.

Establishment of J-Integral mode. Set number of contours
contours to be evaluated and the x- and z-components
(py,p,) of the vector pointing in the direction of crack
advancement. This command must be invoked first in the
sequence of all subsequent J-Integral commands.

Set mode mixity separation option for homogeneous
isotropic elastic or interfacial isotropic elastic cracks.
Material numbeplus denotes the region above crack tip.
Material numbeminus denotes the region below crack
tip. Optionlarrot specifies compensation for large rigid-
body crack tip rotations during mode separation:

EQ. 0: No adjustments are made (Default)

EQ. 1. Compensation for large rigid-body crack tip
rotations is made

This command must be preceeded by command JINT.

Set J-Integral thermalptiorn

EQ. 0: thermal option off (Default)

EQ. 1: thermal option on

This command must be preceeded by command JINT and
command B.
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3.8.14 Boundary Conditions: TOPAZ

CBCMnkRrojrary
CBCRrkryryjrary
CBCSsknryjrary

FBCmnkegry
FBCRrkryr,
FBCSsknry

RBCmnkgrojrs
RBCRrkriryjra
RBCSsknrryjra

Assign a convection boundary condition. The convection
boundary condition is assigned in counterclockwise
direction along boundary. Fluid temperature,)Tis
defined as a function of time by load curke Fluid
temperature is scaled along boundary usingndr, as
temperature multipliers associated with first and last
boundary nodes, respectively. For a fluid temperature
which does not vary with a load curve, det: 0, andr;

and r, as temperature values. The convective heat
transfer coefficient is defined with a time dependent,
positive load curvg and can be scaled using. The
coefficient can also be scaled in proportion to temperature
difference between boundary temperature and fluid
temperature using, as an exponent, i.e., {Jundary -
Thuia)™ Alternatively, for a convective heat transfer
coefficient which does not vary with a load curve,j set

0 andrj as the coefficient value.

Assign a flux load boundary condition varying in time
according to load curvk. Time dependent, temperature
dependent, and constant functional relations are indicated
by positive, negative, and zero load curve numbers,
respectively. Flux curve multipliers andr, correspond

to the first node and second node, respectively. The flux
vector requires a negative sign for transfer into the part.

Assign a radiation boundary condition in
counterclockwise direction along boundary. The
temperature of the surroundings)Tis a function of
time defined by load curvke This temperature can be
scaled along boundary using temperature multipliers
and r, associated with first and last node numbers,
respectively. For a surrounding temperature which does
not vary with a load curve, sét:= 0, andr; andr, as
temperature values. The radiation heat transfer coefficient
is defined with a time dependent, positive load cyr\a,

a temperature dependent, negative load cujveThe
radiation heat transfer coefficient is the product of Stefan-
Boltzmann constant, total hemispherical surface
emmissivity, and view factor between surface and the
surroundings ¢€F) and can be scaled usimg For a
radiation heat transfer coefficient which does not vary
with a load curve, sef. = 0, andr; as the coefficient
value.
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TBCmnkr
TBCRrkr
TBCSskr

TO temperature

Assign a temperature boundary condition varying in time
according to load curvé& and multiplied byr. Time
dependent, temperature dependent, and constant
functional relations are indicated by positive, negative,
and zero load curve numbers, respectively. The constant
value will be the curve multipliear

Assign initial / reference temperature of all nodes to
temperature.

3.8.15 Element Heat Generation: TOPAZ

EGRmnkr

Assign an element heat generation boundary condition to
elementsm throughn. Volumetric heat generation loads
vary in time according to a load curkend a load curve
multiplier r. Time dependent, temperature dependent, and
constant functional relations are indicated by positive,
negative, and zero load curve numbers, respectively. For
element heat generation which does not vary with a load
curve, setk = 0 andr to the value of volumetric heat
generation.

3.8.16 Enclosure Radiation: TOPAZ

EBCmnklp
EBCRrklry
EBCSsklin

ECDneg ... g

Assign an enclosure radiation boundary condition. The
boundary condition is assigned in a counterclockwise
direction along the boundary. For a segment with
absorption and reflection, s&t= 0. For a segment which
allows only absorption, e.g., a hole in a cavity,ksetl.
The surface emissivity is defined as a funciton of
wavelength with a load curteThis load curve is defined
with commands ECD and LAMBDA. Setting = 0
establishes a surface emissivity of 1.0 and emplpys

the segment temperature. Otherwise,is not used.
Command ERCC is also used in the implementation of
enclosure radiation.

Establish emissivity curve definitiom composed of
emissivity value®, ... § commensurate with the number
of wavelength breakpoints defined by command
LAMBDA. Command LAMBDA must be called prior to
invoking command ECD.
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ERCCucrs Establish enclosure ratiation control card parameters:
u = K: Kelvin temperature units
u = R: Rankine temperature units
c: Stefan-Boltzmann constant
r: radiosity convergence tolerance
s: maximum number of radiosity iterations
If the number of wavelength breakpoints (see command
LAMBDA) is > 1, use format: ERCQ c r sotherwise
use format: ERC@ c

LAMBDA nAj ...A, Establish numben wavelength breakpoinis, ... A,

3.8.17 Miscellaneous Boundary Conditions

MBCS Write miscellaneous boundary conditions on all sides of
all parts to mazouit file.
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3.8.18 DYNAZ2D Control

DYNA2D Card #1

TITLE

Define problem title in MAZE output file. The title must
be placed on the next line of the MAZE input file.

DYNA2D Card #2

INPSDndmat numeld nummas

BFGRk s
BFGZ ks

BFSXk's

BFSZk s

Set discrete springs, dampers, and masses containing
ndmatmaterial definitions for discrete elememsmeld
discrete springs and dampers, andmmas discrete
masses. This command must be followed by:

1. ndmatlines for each discrete element material control
card containing: discrete element material number,
material type, and material data;

2. numeldlines for each discrete element control card
containing: discrete element number, first node, second
node, discrete element material number, generation
increment, scale factor on computer force; and

3. nummas lines for each lumped mass data card
containing: node number, mass.

Set body force load due to base acceleratiordinection
(BFGR) orz-direction (BFGZ). Load is based upon the
base acceleration time history as defined in load durve
subject to scale facta This command is applicable to
plane strain geometries only. Default: 0.0

Set body force load due to angular velocity abeakis.
Load is based upon velocity time history as defined in
load curvek subject to scale fact@ Angular velocity is
measured in units of radians per unit time. Default: 0.0

Set body force load due to angular velocity atmaxis.
Load is based upon the velocity time history as defined in
load curvek subject to scale factar Angular velocity is
measured in units of radians per unit time. Default: 0.0
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IAUTO optionnm ... m,

SCSscope

SFASfrequency
FASPscale

LVFC g
HVFC y
EFDCP

TERMtime
ITSSAt,
SBRFsteps
TSSFscale
RFMTSfactor

REZObegin end between

DYNA2D Card #4

Setoptionfor automatic contact of materials:

EQ. 0: no automatic contact (Default)

EQ. 1: active material list to follow: number of materials
n and each material numbey, must be defined.

EQ. 2: all materials are active for automatic contact

Setscopeof contact searching:
EQ. 0: (Default)

EQ. 1: fastest search

EQ. 4: most robust search

Set searcfrequencyfor automatic slidelines. Default: O

Setscalefactor for automatic slideline penalty number.
Default: O

Set low velocity friction coefficienils. Default: 0.0
Set high velocity friction coefficienp,. Default: 0.0
Set exponential friction decay constfinDefault: 0.0

DYNA2D Card #5

Terminate calculation aime This command may be
used instead of command DELT. Default: 0.0

Set initial time step size.
Default: 0.0 -- an initial time step size is computed.

Set number of timetepsbetween restart dumps.
Default: 0

Setscalefactor for computed time step size.
Default: 0.667

Set reductiorfactor to determine minimum permissible
time step. Default: 0.0

Set time tobegin, endand timebetweenautomatic re-
zoning. Default: 0.0
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PRTItime_interval
PLTItime_interval
PRTT Atimeyin
PLTT Atimeyo;

NPBK m nll n12 r{nl nmz

EPBKm &, e, ... " ",

IED option

SDOoption

HVDF flag

PVDFflag

TIBU At|mq:i|sp|ay updates

TSBS steps

DYNA2D Card #6

Set node and element durtime intervalfor printing.
Set node and element durtiqe intervalfor ORION.
Set node and element dump time interval for printing.
Set node and element dump time interval for ORION.

Write nodal data fom blocks into the MAZE output file.
Thek block will include all nodes¥; to n,.

Write element data fom blocks into the MAZE output
file. Thek™ block will include all nodes®; to €.

Set outpubptionfor internal energy:

EQ. O: internal energy is not written into state plot
database

EQ. 1: internal energy is written into state plot database
(Default)

Setoptionfor chemistry dump output:
EQ. 0: p°T is written into state plot database (Default)
EQ. 1: temperature is written into state plot database

Set history variable dumifag:

EQ. 0: history variables are not written into state plot
database (Default)

EQ. 1. history variables are written into state plot
database

Set peak value dunffag:

EQ. 0: peak values are not written into state plot database
(Default)

EQ. 1: peak values of displacements, velocities, max/min
principal stress, and max/min pressure are written into
state plot database for each element

Set time interval between updates of analysis display.
Default: 0.0

Number of timrstepsbetween status updates print to file.
Default: O
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IGM type

BRODE
ENDBRODE
GRVSanp; z ...p, Z,

TEO option

DYNA2D Card #7

Set geometryype
EQ. 0: axisymmetric (Default)
EQ. 1: plane strain

Initiate Brode function sequence. (See table below.)
Terminate Brode function sequence.

Set gravity stress initialization fon points of mass
densityp as a function of depthto acceleratiom.

Set thermal effectsption

EQ. 0: no thermal effects

EQ. -1: new temperature state is read from file for each
time step. Time word at the beginning of each

temperature is ignored.

EQ -2: temperature state is interpolated from

temperature states in file. Time word at the beginning of
each temperature is used.

EQ. -3: file contains only one temperature state. The
initial state is 0.0.

The following table describes the functions available in the Brode function sequence:

Brode Function Sequence

Function Definition Default
Command
yield yield (Ktons) 0.0
height height of burst 0.0
X DYNA2D x-coordinate of Brode origin 0.0
y DYNAZ2D y-coordinate of Brode origin 0.0
z DYNAZ2D z-coordinate of Brode origin 0.0
time initiation time for Brode function 0.0
Ictoa optional load curve number giving TOA shift vs. range 0
Icyld optional load curve number giving yield vs. time for scalir)y
calculations
cfftl conversion factor: feet to DYNA2D length units 0.0
cfmst conversion factor: ms to DYAN2D time units 0.0
cfpsi conversion factor: psi to DYNA2D pressure units 0.0
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DHQT method

DHGQ Q,

DBQT type

DQQ Q,
DQL Q
SRDRrate

DYNA2D Card #8

Hourglass stabilizatiomethod
EQ. 0: Default

EQ. 1: Standard DYNA2D
EQ. 2: Rotational

EQ. 3: Flanagan-Belytschko
EQ. 4: Hancock

EQ. 5: stiffness

Hourglass viscosity coefficient (Defaultj,@ 0):
EQ. 1: Q < 0.15 for stability
EQ. 2: Q = 0.20 for stability
EQ. 3: Q < 0.40 for stability
EQ. 4: Q < 0.40 for stability

Bulk viscositytype

EQ. 0: Default

EQ. 1: Standard DYNA2D bulk viscosity
EQ. 2: Richards-Wilkins bulk viscosity

Quadratic shock viscosity coefficient (Default; ©1.5)
Linear shock viscosity coefficient (Defaultj ©0.06)

Stresgate default reset:

EQ. 0: DYNA2D default stress rate for this material
EQ. 1: Jaumann rate

EQ. 2: Green-Naghdi rate
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3.8.19 NIKE2D Control
NIKE2D Card #1

TITLE Define problem title in MAZE output file. The title must
be placed on the next line of the MAZE input file.

NIKE2D Card #2

NPBKm nty nl, ... A" n™, Write nodal data fom blocks into the MAZE output file.
Thek™ block will include all nodeskl to nkz.
EPBKm & e, ... & €™, Write element data fom blocks into the MAZE output

file. Thek™ block will include all nodes®; to €.

NIKE2D Card #3

BFGRk s Set body force load due to base acceleratiordinection

BFGZ ks (BFGR) orz-direction (BFGZ). Load is based upon the
base acceleration time history as defined in load durve
subject to scale facta This command is applicable to
plane strain geometries only. Default: 0.0

BFSZk s Set body force load due to angular velocity atlmaxis.
Load is based upon the velocity time history as defined in
load curvek subject to scale factar Angular velocity is
measured in units of radians per unit time. Default: 0.0

NCNM n Set number of concentrated nodal masses. Default: O
NCNDn Set number of concentrated nodal dampers. Default: O

NIKE2D Card #4

SMOPTflag Set element formulatioftag:

EQ. 0: B-bar

EQ. 1: NIKE2D formulation (Default)
NEIP flag Set integration orddtag:

EQ. 0: 2X 2 Gauss integration
EQ. 1: 1 point integration

NBFL n Setnumber of element body forces. Default: O
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TEO option

ITCURV load_curve
ITRF flag

IEPD flag

Set thermal effectsption

EQ. 0: no thermal effects

EQ. 1: nodal temperatures are spatially invariant and are
determined from load curve command ITCURV at each
time step.

EQ. 2: nodal temperatures are determined from specified
vectors T® and TM and from load curve command
ITCURV at each time step.

EQ. -1: nodal temperatures are determined by reading in
a new temperature state from a TOPAZ2D plotfile at each
time step. The time word at the beginning of each
temperature is ignored.

EQ. -2: nodal temperatures are interpolated from the
temperature states in a TOPAZ2D plotfile.

EQ. -3: initial nodal temperatures are definedr&tand
final nodal temperatures are determined from a steady-
state TOPAZ2D plotfile. At each intermediate step, nodal
temperatures are interpolated from these two states.

Setload_curvenumber for temperature vs. time.

Set initial temperature referentiag:

EQ. 0: nodal reference temperatures are not specified.
EQ. 1: nodal reference temperatuE® are specified on
node cards.

Set element plot databaiag:

EQ. 0: element energy is contained in the plot database
EQ. 1: element thickness (plane stress) is contained in the
plot database.

EQ. 2: element temperature is contained in the plot
database
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IGM type

AF flag

NEIG n

BWMO flag

|IOOSFflag

PCM percent
SM method

NIP1y
NIP2 [3
TSSFscale

NIKE2D Card #5

Set geometryype

EQ. 0: axisymmetric (Default)
EQ. 1: plane strain

EQ. 2: plane stress

Set analysiflag:

EQ. -2: dynamic analysis, statically initialized
EQ. -1: dynamic analysis

EQ. 0: quasi-static analysis

EQ. n. Perform eigenvalue analysis witheigenvalues

and eigenvectors to be extracted. See command NEIG.

Perform eigenvalue analysis to obtain the first
eigenvalues. See command AF.

Set bandwidth minimizatiofiag:
EQ. 0: no bandwidth minimization
EQ. 1: perform bandwidth minimization (Default)

Set out-of-core solutioftag:
EQ. 0: perform in-core solution (Default)
EQ. 1: perform out-of-core solution

Set percentage of computer memory to be used.

Set solutiormethodto be used:
EQ. O: fixed step strategy
EQ. 1: adaptive ISLAND strategy

Set Newmark parametyr Default: 0.5
Set Newmark parametfr Default: 0.25

Setscalefactor for computed time step size.
Default: 0.667

59



COMMAND DEFINITIONS

MAZE User Manual

3.8.20 NIKE2D Solution Definition

DELT Atime
NSTEPsteps

PRTI step_interval
PLTI step_interval
PRTT Atimeyin
PLTT Atimeyo;
SBRFsteps

SIAR interval
MSRFreformations

NSMD flag

DCTOL tolerance

ECTOLtolerance
NBSRsteps

NBEI steps

NIBSR iterations

NIKE2D Solution Card #1

Set time step size.

Set number of timeteps

Set node and element durstep intervafor printing.

Set node and element dursigp intervafor ORION.

Set node and element dump time interval for printing.
Set node and element dump time interval for ORION.
Set number of timetepsbetween restart dumps.

Set stepnterval for automatic rezoning. Default: 0

Set maximum number of stiffness matmeformations
per time step.

Set standard solution methidg: (Default: 0)
LE. 1. BFGS

EQ. 2: Broyden

EQ. 3: Davidon-Fletcher-Powell (DFP)
EQ. 4: Davidon symmetric

EQ. 5: modified Newton

EQ. 6: arc length

EQ. 7: arc length with line search

EQ. 8: arc length with BFGS

EQ. 9: arc length with Broyden

EQ. 10: arc length with DFP

EQ. 11: arc length with modified BFGS
EQ. 12: arc length with Davidon

Set convergencamleranceon displacements.
Default: 0.001

Set convergenda®leranceon energy. Default: 0.01

Set number of timesteps between stiffness matrix
reformations. Default: O -- set to 1

Set number of timstepsbetween equilibrium iterations.
Default: 0 -- setto 1

Set maximum number of equilibriuiterations allowed
between stiffness matrix reformations.
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NAUS steps
IAUM method

IADC flag

IADR direction

IACN method

IADM flag

ASIZ size

LST tolerance

SSTtolerance
RFFCfactor
RLT tolerance
IGS flag

NIKE2D Solution Card #2

Set number of arc length unloadisigps Default: 0

Set arc length unloadingethod (Default: 0)
LE. 1: BFGS

EQ. 2: Broyden

EQ. 3: Davidon-Fletcher-Powell (DFP)
EQ. 4: Davidon symmetric

EQ. 5: modified Newton

Set arc length displacement contital:
EQ. O: displacement norm is used (Default)
GE. 0: node number for arc length displacement control

Setdirection for nodal arc length displacement control:

EQ. 1:r direction
EQ. 2: zdirection

Set arc length constraintethod:
EQ. O: Crisfield (Default)
EQ. 1: Ramm

Set arc length dampirftag:

EQ. 0: arc length damping is specified (Default)

EQ. 1: arc length damping is not specified

Set initial arc lengtlsize

EQ. O0: arc length based upon time step size (Default)

NIKE2D Solution Card #3

Set line searcholerance [0.5 < tolerance < 0.95].
Default: 0.9

Set slideline stiffness insertidalerance Default; 0.001
Set reductiordactor for frictional slideline. Default: 0.01
Set rezoner least squareddierance Default: 0.01

Set geometric stiffnedtag:
EQ. 0: set geometric stiffness flag (Default)
EQ. 1: do not set geometric stiffness flag
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3.8.21 NIKE2D ISLAND Template Commands

DCTOL tolerance

DELTA siz€gme initial
DSTOL tolerance

DTMAX' siz€maximum time step

DTMIN sizeminimum time step

ECTOLtolerance
MAXSTEPSsteps
MAXTRIES changes

MSRFreformations
NGOODSTEPSteps
NIBSR iterations

NUMREF reformations
RCTOL tolerance
SBRFsteps
TERMtime
TSSFscale

Set convergencmleranceon displacements.
Default: 0.001

Set initial time steize.Default: 0.0

Set step displacemetaierance Default: 10.0

Set maximum time stefize Default: 0.0

Set minimum time stepize Default: 0.0

Set convergencm®leranceon energy. Default: 0.01
Set maximum number of tinsteps Default: 0

Set maximum number of time step stt@nges
Default: 10

Set maximum number of stiffness matreformations
per time step. Default: 3

Set number of timestepsfor time step size changes.
Default: 2

Set maximum number of equilibriuiterations allowed
between stiffness matrix reformations. Default: 10

Set number ofeformationsfor a good step. Default: 3
Settoleranceon residuals. Default: 10.0

Set number of timstepsbetween restart dumps.
Terminate calculation @ime Default: 0.0

Setscalefactor for computed time step size.
Default: 0.667

62



COMMAND DEFINITIONS

MAZE User Manual

3.8.22 TOPAZ2D Control Commands

TITLE

IGM type

BWMO flag

NSMD method

CGCTOLtolerance

RTYPEtype

TOPAZ2D Card #1

Define title of MAZE output file. The title must be placed
on the next line of MAZE input file.

TOPAZ2D Card #2

Set geometryype
EQ. 1: axisymmetric (Default)
EQ. 2: plane

Set bandwidth minimizatiofiag:

EQ. 0: do not perform bandwidth minimization (Default)
EQ. 1: perform bandwidth minimization

EQ. 2: nodal destination vector read from input file

Set solutiormethod

EQ. O: out-of-core profile solver (Default)

EQ. 1: in-core profile solver

EQ. 2: diagonally scaled conjugate gradient
EQ. 3: incomplete Cholesky conjugate gradient
EQ. 4: nonsymmetric profile solver

Set conjugate gradient convergetaerance
EQ. O: tolerance= 1000.0X machine roundoff (Default)
Suggested range of tolerance’ 110 10°.

TOPAZ2D Card #3

Set radiation calculatiotype Positivetype: view factor
or exchange factor matrix will be read from fié;
negativetype: view factor or exchange matrix will be
read from current input source:

EQ. O: view factors (Default)

EQ. 1: exchange factors

EQ. 2: black body exchange factors
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ANALYSIS type

STEPcode

PRTIstep_interval
PLTI step_interval
PRTT Atimeyin
PLTT Atimeyot
SBRFsteps
ALPHA Yy

TOPAZ2D Card #4

Set analysisype

EQ. O: steady state (Default)

EQ. 1: transient with consistent mass matrix
EQ. 2: transient with lumped mass matrix

Set time stegode
EQ. O: fixed time step (Default)
EQ. 1: variable time step

Set node and element dursiep intervafor printing.

Set node and element dursiep intervalfor ORION.

Set node and element dump time interval for printing.
Set node and element dump time interval for ORION.
Set number of timstepsbetween restart dumps.

Set Newmark parametygr
EQ. 0.5: Crank Nicolson (Default)
EQ. 1.0: fully implicit

TOPAZ2D Card #5: Fixed Time Step

STARTtimejtial
TERM timg;jpg
DELTA size
NSTEPsteps

Set initial problem time. Default: 0.0
Set termination problem time. Default: 0.0
Set time stegize.Default: 0.0

Set number ofstepsbetween initial and final problem
time.

TOPAZ2D Card #5: Variable Time Step

STARTtimqnitia|
TERM timeﬁna|
DELTA siz&mge initial
NSTEPsteps

DTMIN Siz&ninimum time step
DTMAX' siz€naximum time step

Set initial problentime Default: 0.0
Set termination problemmme Default: 0.0
Set initial time stegize.Default: 0.0

Set number ofstepsbetween initial and final problem
time.

Set minimum time stepize

Set maximum time stegize
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TMPMAX temperature

TSSFparameter

NONL type

MSRFreformations

NIBSR iterations

TCTOL tolerance

RELAX parameter

Set maximumtemperaturechange in each time step
above which the time step will be decreased. Default: 0.0

Set time step contr@arameter Range oparameter
0.0< parameter< 1.0
Default: 0.5

TOPAZ2D Card #6

Settypeof problem:

EQ. O: linear problem (Default)

EQ. 1: nonlinear problem -- material properties evaluated
at Gauss point temperature

EQ. 2: nonlinear problem -- material properties evaluated
at element average temperature

Set maximum number of coefficient matreformations
per time step.

Set maximum number of equilibriuiterations allowed
between coefficient matrix reformations.

Set convergenc®lerance
EQ. 0O: tolerances 1000.0X machine roundoff (Default)
Suggested range tdlerance 10 to 10°.

Set divergence contrplarameter
Steady state: 0.8 parameter< 1.0 (Default: 1.0)
Transient state: 08 parameter< 1.0 (Default: 0.5)
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3.8.23 CHEMICAL TOPAZ2D Control

CHEMICAL TOPAZ2D Card #1

TITLE Define title of MAZE output file. The title must be placed
on the next line of the MAZE input file.

CHEMICAL TOPAZ2D Card #2

IGM type Set geometryype
EQ. 1: axisymmetric (Default)
EQ. 2: plane

BWMO flag Set bandwidth minimizatiofiag:

EQ. 0: do not perform bandwidth minimization (Default)
EQ. 1: perform bandwidth minimization
EQ. 2: nodal destination vector read from input file

NSMD method Set solutiormethod
EQ. O: out-of-core profile solver (Default)
EQ. 1: in-core profile solver
EQ. 2: diagonally scaled conjugate gradient
EQ. 3: incomplete Cholesky conjugate gradient
EQ. 4: nonsymmetric profile solver

CGCTOLtolerance Set conjugate gradient convergehaerance
EQ. 0O: tolerances 1000.0X machine roundoff
Suggested range tdlerance 10 to 10°.

CHEMICAL TOPAZ2D Card #3

RTYPEtype Set radiation calculatiotype Positivetype view factor
or exchange factor matrix will be read from fd;
negativetype view factor or exchange matrix will be
read from current input source:

EQ. 0: view factors (Default)
EQ. 1: exchange factors
EQ. 2: black body exchange factors
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CHEMICAL TOPAZ2D Card #4

ANALYSIS type

STEPcode

IPRTI step_interval
IPLT step_interval
SBRFsteps

NIP1y

RPRTAtimMe, it
RPLT Atimeyo;

Set analysisype

EQ. O: steady state (Default)

EQ. 1: transient with consistent mass matrix
EQ. 2: transient with lumped mass matrix

Set time stegode
EQ. O: fixed time step (Default)
EQ. 1: variable time step

Set node and element dursiep intervafor printing.
Set node and element dursiep intervalfor ORION.
Set number of timetepsbetween restart dumps.

Set Newmark parametgr
EQ. 0.5: Crank Nicolson (Default)
EQ. 1.0: fully implicit

Set node and element durtiqe intervalfor printing.
Set node and element duriyme intervalfor ORION.

CHEMICAL TOPAZ2D Card #5: Fixed Time Step

STARTtimejjjtial
TERM timeging
DELTA size
NSTEPIinterval

Set initial problentime Default: 0.0
Set termination problenime Default: 0.0
Set time stegize.Default: 0.0

Set number ointerval between initial and final problem
time.

CHEMICAL TOPAZ2D Card #5: Variable Time Step

STARTtiMejpitial
TERM timeging
DELTA siz€jme initial
NSTEPinterval

DTMIN sizeminimum time step

DTMAX: sizemayximum time step

Set initial problentime Default: 0.0
Set termination problemmme Default: 0.0
Set initial time stegize.Default: 0.0

Set number ointerval between initial and final problem
time.

Set minimum time stepize Default: 0.0

Set maximum time stegize Default: 0.0
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TMPMAX temperature Set maximumtemperaturechange in each time step
above which the time step will be decreased. Default: 0.0

TSSFparameter Set time step contrgarameter Range oparameter
0.0< parameter< 1.0 (Default: 0.5)

CHEMICAL TOPAZ2D Card #6

NONL type Settypeof problem
EQ. O: linear problem (Default)
EQ. 1: nonlinear problem -- material properties evaluated
at Gauss point temperature
EQ. 2: nonlinear problem -- material properties evaluated
at element average temperature

MSRFreformations Set maximum number of stiffness matreformations
per time step. Default: 1

NIBSR iterations Set maximum number of equilibriurterations allowed
between stiffness matrix reformations. Default: 10

TCTOL tolerance Set convergencmlerance
EQ. 0: tolerances 1000.0X machine roundoff
Suggested range tdlerance 104 to 10°.

RELAX parameter Set divergence contrplarameter
Steady state: 08 parameter< 1.0 (Default: 1.0)
Transient state: 08 parameter< 1.0 (Default: 0.5)

CHEMICAL TOPAZ2D Chemistry Control Card

NRX n Setnumber of chemical reactions.
NMIX materials Set number of mixturmaterials
MTMD flag Set material property calculatidiag:

EQ. 1: alpha calculation
EQ. 2: energy conserving

CHMT materials Set number omaterialsused in chemistry.

GPLCtype Settypeof chemistry composition calculation:
EQ. 1: calculated at Gauss points
EQ. 2: calculated at element points

CTIN type Settypeof temporal solution scheme for chemistry:
EQ. 1: calculation at alpha time
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NRX2 number Setnumberof chemical reactions of type 2.

EUBG coming_from_material Set“coming from” materialfor eff. Eulerian calculation.
EUED going_to_material Set“going to” material for eff. Eulerian calculation.
EUAL tolerance Set errottolerancefor effective Eulerian calculation.
EUAR area Set maximumarea for reaction front using effective

Eulerian calculation.

CHEMICAL TOPAZ2D Reaction Control Card #1

GASSconstant Set gazonstant.
ERRXtolerance Set convergencmlerancefor chemical reaction rates.
ITRX iterations Set maximum number of Newton-Raphgtarations to

converge chemical reaction rates.

PACT flag Set pressure actiilag:
EQ. -1: pressure terms used; problem terminates at
maximum pressure of reaction
EQ. O: pressure terms ignored
EQ. 1: pressure terms used

MPL1 species Set firstspeciesnumber to be plotted.
MPL2 species Set secondpeciesnumber to be plotted.

CHEMICAL TOPAZ2D Reaction Control Card #2

MINT temperature Set minimuntemperatureof reaction.
MAXT temperature Set maximuntemperatureof reaction.
PON pressure Set initial / finalpressure

PMAX pressure Set maximunpressureof reaction.
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CHEMICAL TOPAZ2D Reaction Data Card #1

REAC Initiate reaction process. This command MUST be called
prior to calling all other commands associated with
Chemical Reaction Data.

CTYPEtype Set chemical reactioype
EQ. 1: standard reaction
EQ. 2: equilibrium reaction
EQ. 3: effective Eulerian reaction
EQ. 4: partial pressure based reaction

RMNT temperature Set minimuntemperatureof reaction.
RMIT value Set minimunvalueof 1/T of reaction..

CHEMICAL TOPAZ2D Reaction Data Card #2

RKK logarithm Setlogarithmof collision frequency.

EEX energy Set activatiorenergyof collision frequency.
PFAC exponent Set pressure prefactexponent

VEX volume Set activatiorvolume

CHEMICAL TOPAZ2D Reaction Data - Additional Cards

MIXN np; ... g Establish list of reacting materials consistingngbarts
composed of reacting materials for paogs.. p,.

REAC Initiate reaction process. This command MUST be called
prior to calling all other commands associated with
Chemical Reaction Data.

STOCn s ... § Establish list of stoichiometric values consisting rof
values composed of stoichometrigs.ss,.

STOSmn g, ... § Establish initial reaction numbaer, final reaction number
n, and stoichiometries of reactiong s. . m<n.

IPRFn¢q ... G Establish list of composition exponents of reaction
consisting oh exponents for €... G,

IPRSMnN G, ... ¢ Establish initial reaction number, final reaction number
n, and composition exponents of reactiops.cG, m< n.
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3.9 Transition From Phase |l To Phase |l|

3.9.1 Analysis Code Establishment

WBCD format Prepare disk file containing mesh data written in
accordance withformat e.g., DYNA2D, NIKE2D,
TOPAZ2D specifications required by analysis code.
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3.10 Phase lll Commands

3.10.1 Graphics Commands

ELPLT Display element numbers on mesh of materials. This
command must be preceeded by command M.
FSON / FSOFF Enable / disable the display of free surfaces and slideline

interfaces by invoking command O. Command FSON
must be invoked prior to command O. Default: FSON

G Display mesh with all material numbers.

GO Display mesh to the right of centerline and display
outline to the left of centerline.

M material Display material in all plots invoked by commands EPLT,
MO, NDPLT, and V. This command must be invoked
prior to commands EPLT, MO, NDPLT, and V.

MNON / MNOFF Enable / disable the display of material numbers with
commands G, GO, and O. Default: MNON

MO Display outline of material. This command must be
preceeded by command M.

NDPLT Display node numbers on mesh of material. This
command must be preceeded by command M.

@) Display outlines of all materials.

Vv Display mesh of material. This command must be

preceeded by command M.

3.10.2 General Commands

CMN ¢, e, material Change material numbers of elemesaf{ghroughe, to
material

CSFfactor Scale nodal coordinates by sctdetor.

CSHFAr Az Translate nodal coordinates kiyr,Az).

NEOSnode_offset element_offsetEstablish node and element offset. Node numbers in
MAZE output file will begin at nodenode_offset+ 1,
element numbers in MAZE output file will begin at
elementelement_offset 1.

PHS2 Return to Phase Il command section of MAZE.
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3.10.3 Initial Nodal Temperatures: NIKE2D - TOPAZ

ERIT first last step temperature

MRIT material temperature

NRIT first last step temperature

TO temperature
TIC m n temperature

TICV 1 24 I Zp I'g Z3 Ty 4
temperature

Assign initial / reference temperature of all nodes
associated with elements in the range fifast through
lastinclusive by step size temperature

Assign initial / reference temperature of all nodes in
material totemperature

Assign initial / reference temperature of all nodes in the
range fromfirst throughlast inclusive by step size to
temperature

Assign initial / reference temperature of all nodes to
temperature

Assign an initial temperature condition to nodes
throughn.

Assign an initial temperature boundary condition to the
quadrilaterial bounded by coordinates,%;) to (r4,2).

The coordinates of the quadrilaterial must be specified in
a counterclockwise direction. Temperature loads are
assigned in a counterclockwise direction. This command
must be preceeded by command B.
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3.10.4 Material Commands

DYNA2D and NIKE2D material definitions begin with command MAT and are followed by
material type-dependent commands. The material definition is completed with command
ENDMAT. If a DYNA2D material requires an equation-of-state, the material definition must
immediately be followed by command EOS. All relevant equation-of-state dependent
commands are then included, and finally the definition is completed with command ENDEOS.

MAT n type

... material type-dependent commands, as required
ENDMAT

EOSmaterial_number type

... equation-of-state dependent commands, as required
ENDEOS

TOPAZ material definitions begin with command TMAT followed immediately by the material
heading and command MT specifying material type. Material type-dependent commands are
then entered, as required. The command ENDMAT is NOT required to denoted the completion
of a TOPAZ material definition.

TMAT n
heading
MT type
... material type-dependent commands, as required

ENDMAT Terminate current material type definition.

MAT n type Establish material numben of material type. Each
material definition MUST be terminated by command
ENDMAT.

MT type Establish material type.

(TOPAZ)

TMAT n Establish material definition consisting of material

heading number and a heading that is to be placed on the next

(TOPAZ) input line.
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Material Commands: DYNA2D
These commands modify DYNA2D materials globally.

DBQT type

DHGQ Qy,

DHQT type

DQL Q
DQQQ,

Change default value of bulk viscosity type:
EQ. O: Default

EQ. 1: Standard DYNA2D bulk viscosity
EQ. 2: Richards-Wilkins bulk viscosity

Change default value of hourglass visco§lty

Change default value of hourglass stabilization method:
EQ. 0: Default

EQ. 1: Standard DYNA2D

EQ. 2: Rotational

EQ. 3: Flanagan-Belytschko

EQ. 4: Hancock

EQ. 5: stiffness

Change default value of linear bulk viscos@y
Change default value of quadratic bulk visco&y

3.10.5 Equation-of-State Commands: DYNA2D

If a DYNA2D material requires an equation-of-state, the material definition (see above) must
immediately be followed by command EOS. All relevant equation-of-state dependent
commands are then included, and finally the definition is completed with command ENDEOQOS.

ENDEOS

EOSmaterial_number type

HEAD
heading

Terminate equation-of-state specification.

Define equation-of-statiype for material_numberEach
equation-of-state definition is terminated by command
ENDEOS.

Equation-of-statdheading Heading must be entered in
form:

HEAD

heading
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3.10.6 Material Commands - Verbatim Mode

The material property “VERBATIM MODE" allows the declaration of material property condi-
tions to be written exactly as specified by the user, subject to the keyword “BLANK” restriction
(see below), in the MAZE output file.

The format of “VERBATIM MODE” within NIKE2D and DYNA2D is:

mat material_number 2000
.. . material properties to be copied in “verbatim mode”. . .
endmat

For “VERBATIM MODE” use in TOPAZ2D, a “dummy title” is required on the input line
following the TOPAZ2D command “tmat” in accordance with TOPAZ2D material input format
requirements. The “dummy title” will not appear in the MAZE output file. The format of “verbatim
mode” for TOPAZ2D is:

tmat material_number 2000

“dummy title”

mt 2000

. . . material properties to be copied in “verbatim mode” . . .
endmat

The “VERBATIM MODE” keyword “BLANK” must be used to enter blank lines into the material
property specifications of the model. No information following the keyword “BLANK” will be
transferred to the MAZE output file until a carriage return is entered.
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4 MAZE GEOMETRY AND PART
DEFINITION

The following two chapter sections contain illustrations of the MAZE line
and part definition commands. Common abscissa and ordinate ranges have
been used for each diagram. These ranges were created using MAZE
command: GSET 0 0 7. Axes labels and other identification have been
omitted for purposes of page design format and space economy. The
following diagram, however, presents a full illustration of the axes format in

a MAZE line and part definition display.

MAZE (Compiled: B8-15-95) Command: lui

3.58E+8@

3.00E+0@ | -

2.58E+88 | 4

2.00E+0@ | -

1.58E+88 | 4

1.00E+0@ | -

5.00E-081 | -

0.00E+0@ | -

-5.@0E-081 | -

z or axial coordinates

—1.00E+0@ | -

-1.58E+8@ | 4

—2.00E+0@ | -

-2.58E+88 | 4

-3.88E+@0@ | 4

—3.50E+088

—3.5PE+@8
-3.8BE+E@ |
-2.5PE+@B8 |
-2.DRE+28 |
-1.5BE+@@ |
-1.PRE+B8 |
-5.8BE-B1 |
.BRE+OD |
.@PE-B1 |
.BRE+OD |
1.50E+00 |
2.DRE+28 |
2.58E+88 |
3.0RE+38 |

3.58E+8@

a
s
1

y or radial coordinates
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CUBIC ©; 1,2 0,

Define a free form line segment beginning at the |

most recently defined end point coordinatgsz{)
with a slope of angl®; and ending at coordinates

(ro,25) with a slope of angl®,. The line is defined |

using a cubic equation with four constants.

d1lp2-3-3-1-1
cubic 45.0 3.0 3.0 -45.0

LCCNr.z0105rq..1,

Definen lines consisting of circular arcs centered
point (r.,Z) that sweep from angl®; to ©,
(degrees). The radii of thelines are represented b
rq ... . MAZE will assign line numbers to the
specifiedn lines to avoid conflicts with previously
defined lines.

lcc20-130.0180.013

LD m
LPnriz ..,z

Begin definition of linem.

Definen points €1,z) ... (1%, to be added to the |

current line definition.

Id 4
Ip3-2-30032
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LPIL 141,

Define a point for the current line at the intersection

of linesl, andl,.

Id51p2-3032
Id61p23-313
Id71p1-1-31pil56

LPTAr.z.R

Define a line segment beginning at the last point
defined and terminating at its tangency point on 3
arc of radiusR, centered at point{z,).

[d8Ip103

Ipta 0 -2 2

[d9Ip103

Ipta 0 -2 -2

lcc 10.0-2-10.0190.0 2.0

LRL nr.z10;...0,

Definen radial lines of length originating at point
(re,zo) and oriented at angl€3, ... ©,, (degrees).

Irf 300 330 180 -40

N

\ 8

/

/
‘_\
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LVC o
LvC 4 ol
LvC Y5 o -l

Define a line segment by a vector of lengbhiented
at® degrees. The vector begins at the last point |
defined (first command form) or at poini, ;)
(second command form).

Id 14

lvc -3-3454
Ivc -30 3

lvc 1205

ML 415 B | | |
Append linel, tol;.
ld15Ip2-3-1-1-3

Id161p20033
ml 15 16

CLAP Myl 4 | ‘ ‘ ‘ !

Define a circular arc centered at poiniz,)
beginning at the last point defined and ending at point

(r1,z0).

Id171p2-3-30-3
clap-3000 B ° N

17
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LAD r.z.©

Define a circular arc centered at poiniz)

beginning at the last point defined and sweeping |

through® degrees.

Id181p2-3-20-2
lad 0 1 60

LAP rizy 1oz,

Define a circular arc centered at poimiz,)

beginning at the last point defined and ending at |

point (r1,z).

Id191p2-3202
lap4-10-1
¢ NOTE: Arc need not intersect at (rq,z;).

19

LARTrzR

Define a circular arc of radiug||beginning at the last

point defined and ending at point).

[d20Ip1-33

lar 3-35

[d21Ip1-33

lar 3-3-5

¢ Centerpoint to left of arc 20.
¢ Centerpoint to right of arc 21.
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LAT 4122 R

Define a circular arg 180° of radiusR tangent to the

last line segment defined and tangent to the line |

segment joining pointr{,z) to point ,,2).
Id22Ip2-3-21-2
lat2-1330.3

¢ Note segment extensions to the arc tangency
C points.

LEPabr.z©,0,®

Define an elliptic arc centered at poing,%,) with

semi-major axisa and semi-minor axis. Arc |
sweeps fron®; to ©,, as measured from the serm
major axis® represents the inclination oft the sen

major axis from the positive r-axis.
ld 23
lep2.551-1-10 190 45

ld 24
lep220003600

LPT M2 R

Define a circular arg 180° of radiusR beginning at

1
1

the last point defined and tangent to a line segment

joining point §4,z) to point ¢»,2).

Id251p132
Ipt30-312
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LTAS req z.q 1ot rep Zo Ry
Define a line segment of a circular arc centered | °
around pointi(4,Z.1) followed by a straight line >
segment to a second tangency point.
[d26Ip1-13
ltas-121311
[d271p1-30
ltas-2-1-13-21
[d28Ip1-1-1
ltas-1-213-2-1 . o
&, ‘ hd
LTPrzR
Define a circular arg 180 of radiusR tangent to
the last line segment defined and terminating at |
point (,2).
[d29Ip2-3-21-2
ltp 31 3.5 B n
o

— -.

\
LTBCNnOAGSR ... R, B | | |
Define a line segment with tab cell data. Tab cell
data consists af radii, each separated By |
degrees, starting at andgde Each radius is scaled by
S /
Id 30 Itbc 7-903013.02.62.21.81.41.00.6 N

30
/
\
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Define a line segment by offsetting the last line
segment defined with the commands LTBC or
LTBO. ¢, is added to the radii of the finst; points,
et cetera. |

Id 31
Itbo 3-3.6 4 -3.6 30

LOIlryziro2 ‘ ‘ ‘ !

Define a line segment by offsetting a segment of line
| such that the new segment begins at point;f |
and ends at point4,z).

Id 32
0301-313 B
¢ NOTE: Line 30 is defined with command
c “LTBC” (see above)

LOD | d ‘ ‘ ‘ \

Define a line segment by offsetting the entire line
distanced. i

d33Ip2-1-212 i
Id 34 34
lod 33 1 - =9 =
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LSTL | Ar Az

Define a line segment by translating the entirelline
an offset ofAr andAz |

[d33Ilp2-1-212
Id 35
Isti331-1

LT 1 Ar Az ‘ ‘ ‘ ‘
LTM nlyq ... |, Ar Az |
LTS I, ... L Ar Az

¢ Translate 1 line
[d36Ip21-321
t3611

¢ Translate 2 lines
[d371p20-311
[d38Ip2-1-301
tm 2 3738 1.0 1.0
¢ Translate 2 additional lines
[d39Ip2-2-3-11
[d40Ip2-3-3-21
[ts394011

VLOD | 3,3,

Define a line segment by offsetting the entire line

distanced; from the first point and a distandg
from the last point. Intermediate points are linearly
interpolated betweed, andd,.

[d41lp22-1-22
ld 42 viod 41 2 -1
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PART Ly L, LyLsmatkm

Define the four sided region of matenaht

bounded by linek,, L,, L, andL4 to be a part with |
k elements along sidés andL3, m elements along

sidesL, andL,.

ld1lep320-218000
ld2lep31-20180090
ld3lep31201800-90
[d41p232-32
part1342165yes

QUAD MMl I3z y mat k m

Define the four sided region of matenaht
bounded by corners,z ... 14,24 to be a part witlk
elements along sides,zy — r,,2 andry,z, —
r3,z3, melements along sides,z; — r4,z4andry,z
- I3,2Z3.

quad-3-33-223-21154yes

RECT ryzr3zzmatkm

Define the rectangular region of materiat
bounded by opposite cornersz; andrs,z; to be a

part withk elements in the direction,m elements in

thez direction

rect-3-333154yes
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T12

This command, typed as a preface to a PART,
QUAD, or RECT command, causes the row of
elements along part sidlg to be subdivided into

two times the number of elements in the other rov

“parallel” to sideL, and side_s. If L3 contains an
odd number of elements, then one additional
element is created on site.

t12
part13421126yes

T21

This command, typed as a preface to a PART,
QUAD, or RECT command, causes the row of
elements along part sidlg to be subdivided into
one-half the number of elements in the other row
“parallel” to sidelL, and sidd . SideL3 must
contain an even number of elements

t21
part13421126yes

T13

This command, typed as a preface to a PART,
QUAD, or RECT command, causes the row of
elements along part sidg to be subdivided into

three times the number of elements in the other rows

“parallel” to sidelL, and sidd_s.

t13
part13421126yes
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T31

This command, typed as a preface to a PART,
QUAD, or RECT command, causes the row of
elements along part sidlg to be subdivided into

one-third times the number of elements in the oth

rows “parallel” to side.; and sidd_3. SideLz must
contain a number of elements evenly divisible by

t13
part13421126yes

TRANS

This command, typed as a preface to a PART,

QUAD, or RECT command, changes the part to g
containingk + melements along sidés andL, and |

m elements along sidés andLy,.

trans
rect-3-333154yes

PART Ll L2 L3 L3 mat k m

Define the three sided region of matenedt
bounded by linek4, Ly, andLz to be a part witlk +
m elements along sidés andL,, 2m elements
along side_s.

[d5Ip2-3-3-33
[d6Ilp2-3-33-3
lcc1-3-30906
part5677143yes

: ‘m : I ‘k : :

100



MAZE User Manual

101



MAZE GEOMETRY AND PART DEFINITION

MAZE User Manual

PART L; L, L30 matkm

Define the three sided region bounded by lings
L,, andL3 to be a part withk elements along side,
m elements along sidés andLs, and materiamat

k triangular elements will exist at the intersection

linesL, andLs.

[d8Ip23-303
[d9Ip203-3-3
part6890135yes

¢ NOTE: Line 6 previously defined (see above). |

TRIQ rizyrozrzzgmatkm

Define the three sided region bounded by points 7

(r1,z9), (rp,2), and €3,23) to be a part witlk + m
elements along side ongi; — r,,2) and side two
(ro,z — r3,73), 2m elements along side thrag, g3
— r1,77), and materiammat.

triq-3-33-303143yes

TRIT M4y 2323 mat k m

Define the three sided region bounded by points |

(r1,20), (ro,2), and €3,2) to be a part with

elements along side ong ; — r,,%), melements

along side twor,z, — r3,73) and side threea 4,z;
— I41,77), and materiamat.

trit-3-33-303143yes

S/'Q/e 3

rAe

R 4
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PART Ly Ly Ly Lymatkm

Define the region of materiedatbounded by lines

L, andL, (one line must be straight and one line |

must be an arc) to be a part witht k+ k+ m
elementsk= 3; m= 2) along side&, andL,.

[d10Ilp2-3-13-1
[d111lep320-1-101900
part 101111 111 34 yes

PART Ll Ll Ll Ll mat k m

Define the region of materiedatbounded by
elliptic arcL, to be a part with 20+ k+ k+ m)
elementsk= 3; m= 3) along ard.;.

Id 121ep320003600
part 121212 12 1 3 4 yes

PART ... 0[]
QUAD ..Htnat -k m R1
RECT .00

Define a four sided part of materrabatwith R1
nodal spacing and element transitions along edge
andLas.

part13421-654yes

“— M—P4—Kk—Pe—KkP>pe—mM—p

0"
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PART ... 0O
QUAD ..Htnat k -m R2
RECT .00

Define a four sided part of materrabatwith R2

nodal spacing and element transitions along edges

andL,.

quad -3-33-223-2115-44yes

PART ... 00O
QUAD ..H0mat -k -m R1 R2
RECT ...00

Define a four sided part of materrabhtwith R1

nodal spacing and element transitions along eldges
andLzandR2nodal spacing and element transitions

along edges&, andL,.

rect-3-3331-5-444yes

PART ... 00
QUAD .HOmatk mRR, Ry R,
RECT .00

Define a four sided part with independent nodal
spacing and element sizing that transitions smoot
across the part.

rect-3-333-16540.2530.5yes

hly
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PART Ly L, L3L,matOm

Construct a four sided part of matemahtin which
the line definition points on edgkg andLg define |
the element transitions.

d13Ip6-3-3-25-3-1-31-31.5-33-3
[d141p53-33-253-13233

Id 151stl 1306

Id 16 Istl 14 -6 O

part 13141516104 yes

PART L; Ly LgzL,matkO -

Construct a four sided part of matemahtin which
the line definition points on edgksandL, define
the element transitions.

part 1314151614 0yes

20

PART L; Ly LgL,mat00 B

Construct a four sided part of matema&tin which
all the line definition points define the element
transitions.

part 13141516100 yes
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PART -LyLpLcLgmatkmify ... n?,.0

et cetera

Construct a four sided part of matematin which |

the points in line definitioh, define the element
transitions along that edge.

part-131415161963112yes

AZON NS, ... § 1.z,

In subsequent PART commands, nodes will be
distributed along side§; (1 < j < 4) Using equal
angular spacing based on the center poinky).

azon4123411

part 13 14 15 16 1 20 20 yes

azoff

¢ NOTE: Angular positioning should be turned
c off after use.

AOR O

MAZE will attempt to establish a node at the verte
of “sharp” anglex< © in part boundary lines in orde
that the angles be preserved within the part
description.

[d171p2-3-33-3
[d18Ip23-331
[d191p3-310331
[d20Ip2-3-3-31

aor 115

part 171819201 7 6 yes

=X
r

24
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5 DYNA2D MATERIAL PROPERTY COMMANDS

This chapter contains MAZE commands used to specify DYNA2D material model parameters and
a brief theoretical explanation of the particular model. The user is referred to “DYNA2D: A
Nonlinear, Explicit, Two-Dimensional Finite Element Code for Solid Mechanics - User Manual”
to obtain all references mentioned.

5.1 General Material Definition Commands

The following commands apply to the current material only, and may override previous default
values.

head Material identification. Command is entered in the form:
heading head
heading
rop Material density
hgqt Hourglass stabilization method:
EQ. O: Default

EQ. 1: Standard DYNA2D
EQ. 2: Rotational

EQ. 3: Flanagan-Belytschko
EQ. 4: Hancock

EQ. 5: stiffness

hgg @ Hourglass viscosity coefficient (Defaultj,@ 0.10):
EQ. 1: Q < 0.15 for stability
EQ. 2: Q < 0.20 for stability
EQ. 3: @ = 0.40 for stability
EQ. 4: Q < 0.40 for stability

bqt Bulk viscosity type:
EQ. O: Default
EQ. 1: Standard DYNA2D bulk viscosity
EQ. 2: Richards-Wilkins bulk viscosity

bag Q Quadratic shock viscosity coefficient (Default; ©1.5)
bal Q Linear shock viscosity coefficient (Defaultj ©0.06)
srdrrate Stress rate default reset:

EQ. 0: DYNA2D default stress rate for this material
EQ. 1: Jaumann rate
EQ. 2: Green-Naghdi rate
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5.2 DYNA2D Material Type 1: Elastic

Command Variable Description
e E Young’s modulus
pr v Poisson’s ratio

This model produces isotropic, linear elastic material behavior.

5.3 DYNA2D Material Type 2: Orthotropic Elasticity

Command Variable Description

ea Ea Elastic modulus im-direction

eb Ep Elastic modulus ito-direction

ec E. Elastic modulus irc-direction

prba Vba Poisson’s ratioba

prca Vea Poisson’s ratioga

prch Vep Poisson’s ratiogh

gab Gap Shear modulusab

aopt option Material axes definition:

EQ. 0.0: locally orthotropic with material axes determined by

angle¥ and nodes, andn, specified on each element card

EQ. 1.0: locally orthotropic with material axes determined by a

point in space and the global location of Gauss integration points
EQ. 2.0: globally orthotropic with material axes determined by

angleWg.
yp or rp YpOrrp Coordinatey,, or ry, (defined for aopt = 1.0)
zp z, Coordinatez, (defined for aopt = 1.0)
psig Yo Angle W (radians; defined for aopt = 2.0)

The constitutive matrixC  relating increments in stress to increments in strain is defined as
C =T'C.T, (4-1)

whereT is the appropriate transformation matrix@nd  is the constitutive matrix defined in terms
of the orthogonal material axes, abod
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(4-2)

Poisson's ratios are defined as

v, = —

(4-3)

which represents the strain ratio resulting from a uniaxial stress applied-ith ttieection.

5.4 DYNA2D Material Type 3: Kinematic/lsotropic Elastic-

Plastic
Command Variable Description
e E Young’s modulus
Y Y Poisson’s ratio
sigy Og Yield stress
etan Er Tangent modulus
beta B Hardening parameter
epsf g’ Effective plastic strain at failure

The material behavior is elastoplastic and includes linear strain hardening and material failure. The
hardening parametdd  specifies an arbitrary combination of kinematic and isotropic hardening;
B = 0.0 yields purely kinematic hardening, whifg = 1.0  gives purely isotropic hardening.
Figure 4.2 illustrates the effect ff on the uniaxial stress-strain curve.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure €7 and specifying that this material is active for automatic contact.

The yield condition can be written as
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Figure 4.1
Options for determining the principal material axes
(a) AOPT = 0.0; (b) AOPT = 1.0; (c) AOPT = 2.0.
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¢ = c_’_Oy("::p) , (4-4)

whered is the effective stress aagd  is the current yield stress, which may be a function of the
effective plastic strairg® if strain hardening is included. For isotropic hardening, the effective
stressc is given by

1
0 = %Sisijg 1 (4-5)
wheres; is the deviatoric stress tensor. For kinematic hardening,
L
0 = %ﬂmug (4-6)
where the translated stragg  is defined as
Ny = S —ay, (4-7)
anda;; is the (deviatoric) back stress tensor.
The linear isotropic hardening law has the form
0, = 0+ BE,E", (4-8)

whereag, is the current yield stress, is the initial yield stressEgnd is the plastic modulus.

The effective plastic straig” is given by

t
e" = [de”, (4-9)
0

wheredg” is the incremental effective plastic strain. The plastic modulus is found from Young’s
modulus and the tangent modulls  using

_ EE

E, = E_E

(4-10)
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Figure 4.2
Uniaxial stress-strain curve showing elastic-plastic material behavior for kinematic hargening

(B = 0) and isotropic hardening3(= 1.0 ).

The plastic hardening modul&s  is the slope of the inelastic portion of the effectivedstress  vs.
effective plastic straig” curve. Similarly, the tangent modElus is the slope of the inelastic part
of a uniaxial stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).
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5.5 DYNA2D Material Type 4: Thermo-Elastic-Plastic

Command Variable Description
npts n Number of temperature values for defined material constants
temp T...Ty Temperatures
e E,...E, Young'’s modulus afj
pr Vi. ..V Poisson’s ratio af;
alpha Oq...0p Secant coefficients of thermal expansion
sigy Oy1-..0yn Yield stress af;
etan Ey...E,  Plastic modulus &

At least two temperatures and their corresponding material properties must be defined. The
analysis will be terminated if a material temperature falls outside the range defined in the input.

The plastic hardening modulls,  is the slope of the effective stress vs. effective plastic strain
curve (or equivalently, the uniaxial stress vs. effective plastic strain curve). The plastic hardening
modulus may be found from the tangent modus  as

EE;

&= g

(4-11)

where tangent modulls;  is the slope of the post-yield portion of the uniaxial stress - strain curve.

Thermal expansion due to temperature change is included when nonzero values of  are specified.
Thesecantoefficient of thermal expansi@an can also be a function of temperature, and is defined
with respect to the reference temperature at the beginning of the calculation for that material. Total
thermal straire is defined in terms of the secant thermal expansion coefiicient ~ as

5; = 0(T=Twe)9;, (4-12)

whereT is the current temperature ang is the reference temperature. Therefore, temperature
dependent secant coefficients of thermal expansion should be defined as the thaliLiemper-

ature, not the valuat that temperature. The secant coeffic@nt is related to the tangent coefficient
of thermal expansioa by

a = L
T_Tref

[ a(mdT. (4-13)

ref
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For temperature independent coefficients of thermal expangion, is identigal to , and the
classical definition of thermal expansion is valid.

The reference temperature in this model is chosen as the first temperature in the TOPAZ2D plot
files, or the temperature at timhe= 0.0  if temperature is specified by a load curve.

5.6 DYNA2D Material Type 5: Soil and Crushable Foam

Command Variable Description

g G Shear modulus

ku Ky Bulk unloading modulus

a0 ag Yield function constantgy

al a Yield function constanta,, or load curveNC;, giving pressure
vS. volumetric strain

a2 a Yield function constanta,, or load curve NC,, giving yield
stress vs. pressure

pc Peut Pressure cutoff

npts n Number of points in volumetric strain vs. pressure curve

VS &1---&n  Volumetric strain

p pP1...Pn Pressures

amod flag Modified elliptical surface flag:

EQ. 0.0: unmodified surface
EQ. 1.0: failure surface is constant at high pressures

This model has two options: one using an analytical function to describe the variation of yield
stress with pressure, and one using a load curve to define a pressure-dependent yield stress. The
analytical form is obtained if constaa is input as a positive number (required for a physically
meaningful analytical model), and the load curve form is obtaineg if  is input as a negative
number. If the load curve form is chosen, load cUN& is used for to describe the gressure vs.
volumetric straine, curve. Load curiC, is then used to directly specify yield styess as a
function of pressure.
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Pressure is positive in compression, and volumetric strain is negative in compression. Volumetric
strain is given by the natural logarithm of the relative volume. Npte In %E . The tabulated
pressure-volumetric strain data may contain up to nine pairs of points, and must be given in order
of increasingcompression. If the pressure drops below (i.e., becomes more tensile than) the cutoff
value p... , then the pressure is reset to the cutoff value.

The deviatoric perfectly-plastic yield functign is defined as
¢ = Jo—[ao+ap+ap], (4-14)

wherea, ,a, , andh, are constangs, is pressureJand is the second invariant of the deviatoric
stress tensa  given by

1
J, = éSijSJ- (4-15)

Plastic flow is nonassociativeaf ay are nonzero. On the yield surjace,%ci , Gihere

is the uniaxial yield stress. Thus, the yield stress at any prgssure is given by
1

0, = [3(a+ap+ ap?)]’ . (4-16)

There is no strain hardening in this model, so the yield stress is completely determined by the
pressure.

To eliminate the pressure dependence of the yield strength, se, = 0 Q an(%oﬁ . This
approach is useful when a von Mises type elastic-plastic model is desired for use with tabulated
volumetric data.
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Ky
e
_€V
X Peut
Figure 4.3

Pressure vs. volumetric strain curve for soil and crushable foam model.

The variation ofo, as a function pf has three conical forms which depend on the pa@meter
elliptic (a,<0), parabolic &, = 0 ), or hyperbolicag>0 ). These three forms are shown in
Figure 4.4 in terms o, v$ . Figure 4.5 shows the corresponding forms in a more familiar
engineering form ob, v . If the modified elliptical yield surface #eld OD IS nonzero, then

the elliptical yield surface is used up to the point of maxindum . For higher pressures, the yield
surface is extended as a von Mises surface. The resulting yield surface is depicted in Figure 4.4 and
Figure 4.5.
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Figure 4.4
Material type 5 failure surface formsda 5. space.

s A | ___—
hyperbolic parabolic
a,>0 a =20
AMOD =1
elliptic
ao a.2<0
AMOD =0
-
Rerit pO P

Figure 4.5
Material type 5 failure surface forms @, 8. space.

121



DYNA2D MATERIAL PROPERTY COMMANDS MAZE User Manual

The unmodified elliptic yield surface crosses ¢the= 0 at a prepsure , as shown in Figure 4.5.
Thus,p, is the maximum pressure at which the unmodified elliptic failure surface may be used:

_—at /af—4aoa2_ (4-17)

Po = 28,

The modified elliptic yield surface transitions to a von Mises surface at pressures gregigf, than ,
where

a;

Pcrit = _552- (4'18)

Material “erosion” and failure may be obtained by defining a nonzero pressure pygtoff and
specifying that this material is active for automatic contact. If erosion is active, then the material
erodes whenever the pressure becomes more tensilpthan

5.7 DYNA2D Material Type 6: Viscoelastic

Command Variable Description
k K Bulk modulus
g0 Gy Short term shear modulus
gi Go Long term shear modulus
tp B Decay constant

The deviatoric stresses are found from

t

S; = ZIG(t—T)éide : (4-19)
0
where the shear relaxation behavior is described by
G(t) = G, +(G,—G..)e™ (4-20)

ande; is the deviatoric strain rate. The volumetric response is elastic, so the goessure s
computed from the current volumetric strain  using

p = —Ke,, (4-21)

whereK is the elastic bulk modulus.
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5.8 DYNA2D Material Type 7:Blatz-Ko Hyperelastic Rubber

Command Variable Description

g G Shear modulus

This hyperelastic model is appropriate for materials undergoing moderately large strains. In this
formulation, the second Piola-Kirchhoff streass computed as

1
Tij = G%C” _V1—2V6ijE y (4'22)

whereV is the relative volum€;; is the right Cauchy-Green strain tensor, and  is Poisson’s ratio
which is set to 0.463 internally. The Cauchy stress  is then foundtfrom using

o= %’FTFT, (4-23)

whereF is the deformation gradient ahd is the Jacobian of the deformation.

5.9 DYNA2D Material Type 8: High Explosive Burn

An equation of state must be used with this model.

Command Variable Description
d D Detonation velocity
pcj Pcj Chapman-Jougeut pressure

This model is used in conjunction with the HE burn option to model the burning of explosives. The
detonation velocityp is the velocity of a detonation or burn front. The Chapman-Jouguet pressure
Pc, is the maximum pressure realizable in a constant volume adiabatic burn.

During DYNAZ2D initialization, the lighting time of each element is computed using the selected
algorithm. These lighting times may be directly specified in the input, or may be calculated from
specified detonation points or lines using the programmed burn options. If detonation points are
defined, then the lighting tinte  for an element is computed based on the distance from the center
of the element to the nearest detonation point divided by the detonation vBlocity
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Burn fractions are computed to control the release of chemical energy for simulating high explosive
detonations. If the “beta burn” optioftHE = O is selected, then the burn fraEtion is computed
from

1-V
1-Vg,'

F=B(1-V) = (4-24)

whereV is the current relative volumé;;  is the Chapman-Jouget relative volume, and
1

B = v (4-25)
For other burn options, the burn fraction is computed from

F = max R, F,), (4-26)
where

F. = ((t—t.)D)/(1.5n) (4-27)

if t>t,andF, = 0 ift<t_, andh is a characteristic dimension of the element under consider-
ation.F, is computed from

1-V

Fo= BL-V) = 7

(4-28)

If the above equations produce a burn fraction that is greater than one, then it is reset to one.

The burn front propagates by multiplying the pressure computed from an equation-of-state by the
current burn fraction,

P = FpeogV, E), (4-29)

where peodV, E) is the pressure computed from the equation-of-state at the current relative
volumeV and energfe . High explosives typically have large initial internal eneEjies, , which
yield large pressures & - 1
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5.10 DYNA2D Material Type 9: Fluid

An equation of state must be used with this model.

Command Variable Description
pc Peut Pressure cutoff
mu I Viscosity coefficient

The fluid material has no stiffness, and must be used with an equation-of-state. A viscous stress is
computed from

Sj = W€, (4-30)

whereg; is the deviatoric strain rate agd is the deviatoric stress. Materials with no viscosity
may reach large distortions under very small shear loads, so a honzero viscosity should always be
used.

The pressure cutoffy.,; , is negative in tension. If the pressure becomes more tengilg than , then
it is reset to that value. Thus, the pressure cutoff can be interpreted as an approximate model of
cavitation. The deviatoric stresses arising from viscous effects are unaffected by the tensile
pressure cutoff.
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5.11 DYNA2D Material Type 10: Isotropic-Elastic-Plastic-
Hydrodynamic

An equation of state must be used with this model.

Command Variable Description
g G Shear modulus
sigy Og Yield stress
ep Ep Plastic modulus
pc Peut Pressure cutoff
al ay Linear pressure hardening coefficient
a2 a Quadratic pressure hardening coefficient
spall spall Spall model
epsf g’ Effective plastic strain at failure
npts n Number of points in stress-effective plastic strain curve
eps €1..-&p Effective plastic strain
es 01...0, Effective yield stress
e0 EO Equivalent plastic strain at failure

If a tabulated yield stress vs. effective plastic strain curve is not given, then the initial yield stress
0,, plastic hardening modull&s, , and pressure hardening coeffieientsa, and  are used. In this
case, a pressure hardening bilinear stress-strain curve similar to that shown in Figure 4.2 is obtained
with linear isotropic strain hardening (= 1.0 ).

The yield condition can be written
@ = 0-0,(¢" p), (4-31)

whered is the effective stress aag is the current yield stress, which may be a function of the
effective plastic straig” and pressyre . The effective siess s given by

G = %ajsjg , (4-32)

wheres; is the deviatoric stress tensor.
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The hardening law has the form
0, = 0+ E,&” + (a, + a,p) P, (4-33)

wherep is the pressure (positive in compression),jand is the tension-limited pressure found from
p=max po). (4-34)

The effective plastic straie” is given by

t
ép — J’dép! (4'35)
0

wheredg” is the incremental effective plastic strain. The plastic modulus can be related to Young’s
modulusE and the tangent modulls  using

_ EE

E, = E_E

(4-36)

The plastic modulug, is the slope of the inelastic portion of the effective stress  vs. effective
plastic straire” curve, and the tangent modililys  is the slope of the inelastic part of a uniaxial
stress vs. strain curve (or equivalently, the effective stress vs. effective strain curve).

If tabulated values of yield stress vs. effective plastic strain are specified, a nonlinear strain
hardening curve like that shown in Figure 4.6 may be defined. In this case the plastic hardening
modulus and pressure hardening coefficients are not used, and the yield stress is given as

o, = f(&"), (4-37)

where f (") is interpolated from the specified yield stress vs. effective plastic strain curve. Any
number of points, from 2 to 16, may be used to define the hardening curve. This option permits
additional detail to be included in the nonlinear strain hardening law, but pressure hardening is not
modeled with this approach.
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i

Figure 4.6
Tabulated yield stress vs. effective plastic strain curve.

Three spall models are offered to represent material splitting, cracking, and failure under tensile
loads. The pressure limit mod&IPALL = 1 limits the hydrostatic tension to the specified value,

P.ui- If pressures more tensile thap,  are calculated, the pressure is ngget to . This option is
not strictly a spall model, since the deviatoric stresses are unaffected by the pressure reaching the
tensile cutoff, and the pressure cutoff vajyg remains unchanged throughout the analysis. The
maximum principal stress mod&IPALL = 2 detects spall if the maximum (most tensile) principal

stresso,,., €exceeds the limiting valdp.,, . Note: the negative sign is required bpgause is
measured positive in compression, whilg,, is positive in tension. Once spall is detected, the
deviatoric stresses are set to zero, and no hydrostatic te(igio) is permitted. If tensile

pressures are calculated, they are reset to zero in the spalled material. Thus, the spalled material
behaves as a rubble or incohesive material. The hydrostatic tension $&ldl = 3 detects spall

if the pressure becomes more tensile than the specifiedpiqit, . Once spall is detected the devia-
toric stresses are set to zero, and the pressure is required to be compressive. If hydrostatic tension
(p<0) is subsequently calculated, the pressure is reset to zero for that element.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure £f and specifying that this material is active for automatic contact.
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5.12 DYNA2D Material Type 11: Steinberg-Guinan High

Rate Elastic-Plastic

An equation of state must be used with this model.

Command Variable Description
go Gg Shear modulus constant
sig0 Og Yield stress constant
beta Strain hardening law constant
n Strain hardening exponent
gama Yi Initial plastic strain
sigm Om Yield stress work hardening limit
b b Shear modulus pressure constant
bp b’ Yield stress pressure constant
h h Energy coefficient
f f Energy exponential coefficient
a a Atomic weight; if a= 0, R must be defined
t0 Tmo Melting temperature constant
gamO Yo Thermodynamic gamma
sa a Thermodynamic constant
pc Peut Pressure cutoff
trm Troom Room temperature
deby ] Debye coefficient
spall spall Spall model flag:
EQ. 0.0: default set to 2.0
EQ. 1.0: Pressure limit model
EQ. 2.0: Maximum principal stress spall criterion
EQ. 3.0: Hydrostatic tension spall criterion
rp R NOTE: If R # 0, atomic weight is not used
epsf e Effective plastic strain at failure
nfit nfit Polynomial order for fit; k nfit< 10
ivar flag Cold compression energy polynomial flag:

EQ. 0.0: Polynomial coefficients given or fit in terms)of
EQ. 1.0: Polynomial coefficients given or fit in termsuof
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min min_limit Optional minimum limit for energy fit.
Input Ny, if ivar =0
Input Py if ivar =0

max max_limit ~ Optional maximum limit for energy fit.
Input nmaxif ivar =0
Input pyaxIif ivar =0

ecO..ec9 EC,..EG Cold compression polynomial coefficients

In terms of the foregoing input parameters, we define the shear mo@ulus, , before the material
melts as:

G = [1 bpV— hE'E' } (4-38)

where p is the pressurd/ s the relative volurke, is the current ertergy, is the cold
compression energy, arig, is the melting energy. The cold compression energy is calculated
using

E(x) = J’ pdx, (4-39)

0

wherex = 1-V . The equation is integrated using initial enétgy  and preBsure  conditions
that correspond to zero K and are given by

E, = 3R T,oom (4-40)
and
P, = y,E,Deby (4-41)
HereDebye is the Debye correction factor, and has a default value of 18vhet . The melting
energy is found from the cold compression energy and the melting temperature using
En(X) = Ec(X) +3RTy(X) , (4-42)

where the melting temperatufg, is given by
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ThexXp(2ax)

Tm(X) = (4-43)
2%:0—a—%5
\Y
andT,, is the melting temperature at the initial dengiy,
In the above equation®  is defined by
R = R0 (4-44)

A

whereR is the universal gas constant &hd is the atomic whligt#.that if R is not defined,
DYNA2D computes it with R in the cm-gram-microsecond system of unit§.hus, this option

should not be used unless the entire analysis model is defined in the cm-gram-microsecond second
system of units.

If E,, exceedsE; (i.e., the material has not melted), then the yield strepgth  is given by:

) LY
o, = o, [1+b'pV3—hEﬁ‘3;RE°—BOOSeE”‘_Ei . (4-45)

The work-hardened yield stresg, is found from the initial yield swgss  and the accumulated
effective plastic straig” using the hardening law

o'y = Oo[1+B(y, +EM]", (4-46)

wherey; is the initial plastic strain. If the work-hardened yield siogss  exceeds the limiting value
O., thenao'y is reset tw,, . After the materials meEsX E,, ), the yield strgss and shear
modulusG are reset to one half their initial value.

The evaluation of the cold compression eneigy(x) using (4-39) is approximated during

execution. The independent variable is chosem as , and the polynomial takes the form
9

E. = .ZOECin : (4-47)

Note that the density and compression variables are related by

Xx=1-V = u%l - 1—%. (4-48)
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If the coefficientsEC, througheC, are not specified in the input, DYNA2D will fit the cold
compression energy with up to a ten term polynomial expansion using a least squares method. If
the order of the polynomial is not specified, DYNA2D will automatically pick the best polynomial
order that fits the EOS generated data. Otherwise, DYNA2D will attempt to fit the data to the
polynomial order desired.

A Debye correction can be applied to the cold compression energy to improve the model’s temper-
ature response. This option is activated by specifying a non-zero value of the Debye coefficient

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads. The pressure limit mod&PALL = 1 limits the hydrostatic tension to the specified
value,p.. . If pressures more tensile than this limit are calculated, the pressure ispgset to . This
option is not strictly a spall model, since the deviatoric stresses are unaffected by the pressure
reaching the tensile cutoff, and the pressure cutoff vajue remains unchanged throughout the
analysis. The maximum principal stress spall mo8BALL = 2 detects spall if the maximum

(most tensile) principal stress, .,  exceeds the limiting vajue, . Note that the negative sign is
required becausp,,; is measured positive in compression, ahile is positive in tension. Once
spall is detected with this model, the deviatoric stresses are set to zero, and no hydrostatic tension
(p<0) is permitted. If tensile pressures are calculated, they are reset to zero in the spalled
material. Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall modelSPALL = 3 detects spall if the pressure becomes more tensile than the
specified limit,p.,; . Once spall is detected the deviatoric stresses are set to zero, and the pressure
is required to be compressive. If hydrostatic tens{g@x 0) is subsequently calculated, the
pressure is reset to zero for that element.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure £f and specifying that this material is active for automatic contact.
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5.13 DYNA2D Material Type 12: Johnson / Cook Elastic-
Plastic

An equation of state must be used with this model.

Command Variable Description
g G Shear modulus
a a Yield stress constant
b B Strain hardening constant
beta B Strain hardening law constant
h n Strain hardening exponent
c C Strain rate dependence coefficient
m m Temperature dependence exponent
tm Tm Melt temperature (°K)
tr T, Room temperature (°K)
e0 €0 Reference strain rate
sh Cy Specific temperature

pcut or sigm  peytOf Oy, Pressure cutoff or failure stress

spall spall Spall model flag:
EQ. 1.0: Pressure limit model
EQ. 2.0: Maximum principal stress spall criterion
EQ. 3.0: Hydrostatic tension spall criterion

psif flag Plastic strain iteration flag:
EQ. 0.0: Fast approximation solution for plastic strain (default)
EQ. 1.0: Accurate iterative solution for plastic strain (more
expensive than default)

epsf eP Effective plastic strain at failure
di D1 First failure parameter

d2 D2 Second failure parameter

d3 D3 Third failure parameter

d4 D4 Fourth failure parameter

d5 D5 Fifth failure parameter

The yield stress is written as
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o, = [A+B(E")1[1+CInE)N[1-(T)" | (4-49)

whereA, B, C, n andn are input constarg8, s the effective plastic sérain,  is the nondimen-
sional strain rate, anfl*  is the homologous temperature. The effective plasti€’strain  is given by

t
s—_:p - Jvdép, (4-50)
0

wheredg” is the incremental effective plastic strain.
The nondimensional strain raté s calculated from

p

£ = (4-51)

o o

0

whereg " is the effective plastic strain rate &gd s the reference strain rate defined in the input.
The homologous temperatufe s the ratio of the current temperature to the melting temperature
when both are expressed in degrees Kelvin. Temperature change in this model is computed
assuming adiabatic conditions, i.e., no heat transfer between elements. Heat is generated in an
element by plastic work, and the resulting temperature rise is computed using the specific heat for
the material.

This implementation of the Johnson-Cook model also contains a damage model. The strain at
fractureg; is given by

€; = [Dy+ D,exp( Dyo+)][1+D,In(e*)][1+ DsT (4-52)

whereo - is the ratio of pressure divided by effective stress

.= P -
o = (4-53)
and effective stress is found from
1
G = E%s,—si,-g _ (4-54)

In this equation, $’ represents the deviatoric stress. Note that this definitian-af reversed in
sign from convention in the original publications of Johnson and Cook; the sig; of  should be
chosen carefully.
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Fracture occurs when the damage paranizter exceeds the value of 1. The evolution of the damage
parameter is given by

cbh
D = As—sf , (4-55)

where the summation is performed over all time steps in the analysis. When fracture occurs, all
stresses are set to zero and remain zero for the rest of the calculation.

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads. The pressure limit mod&PALL = 1 limits the hydrostatic tension to the specified
value, p..; . If pressures more tensile than this limit are calculated, the pressure ispgset to . This
option is not strictly a spall model, since the deviatoric stresses are unaffected by the pressure
reaching the tensile cutoff, and the pressure cutoff value remains unchanged throughout the
analysis. The maximum principal stress spall mo8PALL = 2 detects spall if the maximum

(most tensile) principal stress,., exceeds the limiting vallle . Once spall is detected with this
model, the deviatoric stresses are set to zero, and no hydrostatic temsin) is permitted. If
tensile pressures are calculated, they are reset to 0 in the spalled material. The hydrostatic tension
spall model SPALL = 3 detects spall if the pressure becomes more tensile than the specified limit,
P..i- Once spall is detected, the deviatoric stresses are set to zero and the pressure is required to be
compressive. If hydrostatic tensidip < 0) is calculated, then the pressure is reset to O for that
element.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure &} and specifying that this material is active for automatic contact. Alternatively, by speci-
fying a positiveFSD and nonzero damage parameters, material “erosion” will be controlled by
the accumulated damage param&er . Both material erosion methods can be used simultaneously.
In this case which every condition is satisfied first will determine erosion.
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5.14 DYNA2D Material Type 13: Power Law Isotropic
Elastic-Plastic

Command Variable Description
e E Young’s modulus
% Y Poisson’s ratio
k K Strength coefficient
n N Hardening exponent
epsf e Effective plastic strain at failure

The material behavior is elastoplastic with nonlinear isotropic strain hardening given by a power
law expression. The yield condition can be written

®=0-0,8&", (4-56)

whered is the effective stress aagl Is the current yield stress. The hardening law has the form
o, = k(g +£&")", (4-57)

whereg, is the initial yield strain given by
1
A1
e = E0 (4-58)

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure €7 and specifying that this material is active for automatic contact.
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5.15 DYNA2D Material Type 14: Viscoplastic

Command Variable Description
e E Young’s modulus
% Poisson’s ratio
t To Initial temperature (°K)
rcv pC, Density spécific heat
b B Hardening parameter
cl C, Rate dependent yield stress coefficient
c2 C, Rate dependent yield stress exponent
c3 Cs Rate independent yield stress coefficient
c4 Cy Rate independent yield stress exponent
c5 Cs Transition coefficient
c6 Ce Transition exponent
c7 C, Hardening coefficient
c8 Cg Hardening exponent
c9 Cy Dynamic recovery coefficient
cl0 Cio Dynamic recovery exponent
cll Cin1 Diffusion recovery coefficient
cl2 Cio Diffusion recovery exponent

This model represents a modified implementation of a unified creep plasticity model proposed by

Bamman (1984).

The history dependence of this model is characterized through the introduction of two internal state

variables, a scala¢

form

0= ATV

gp = f(T)sinh[ml

, and a second order tensor

E

—K —Y(T)}_r_]_
V(T)

tr(e)l+ m(é—ép) ,

Il
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(9(T) + h(T)[elala

a = k(T)(1-P)éP— 15 , (4-61)
k= k(T)BIéPI—(g(T)+héT)|épl)K2 , (4-62)

where the translated strags is given by
n =s-a, (4-63)

ands s the deviatoric stress. The inelastic behavior of the model is governed by six temperature
dependent parameter functiovgr), Y(T), f(T), h(T), k(Tandg(T). Each of the functions is an
exponential and defined by two material parameters as follows:

V(T) = C,e%’T (rate dependent yield stress), (4-64)

Y(T) = C,e%“" (rate independent yield stress), (4-65)

f(T) = Cse %" (transition to rate dependent behavior), (4-66)

h(T) = C,e“" (hardening), (4-67)

K(T) = Coe " (dynamic recovery), (4-68)

g(T) = C,,e 2T (diffusion controlled static or thermal recovery). (4-69)
The specification of hardening paramefer , whei@<p<1.0 , results in either kinematic,
isotropic, or a combination of kinematic and isotropic hardening. Purely kinematic or purely
isotropic hardening is obtained by settifig= 0.0 [r= 1.0 , respectively. For these cases,

numerical perturbations are used to prevent the governing equations from becoming singular. The
model also accounts for adiabatic heating due to plastic work. Temperatufe rate  is defined in
terms of the densitp and specific h€at  as

T = 2'3509;9 . (4-70)

138



MAZE User Manual

5.16 DYNA2D Material Type 15:Generalized Armstrong-
Zerilli Elastic Plastic

An equation of state must be used with this model.

Command Variable Description
g0 Gg Shear modulus at reference temperature
ixtal flag Crystal geometry flag:

EQ. -1: BCC

EQ. +1: FCC
I L Polycrystal grain diameter
sigg Aog Yield stress constant
BO Bo Temperature coefficient
bet0 Bo Temperature exponent
betl B1 Strain rate thermal exponent
kO Ko Strain hardening coefficient
n n Strain hardening exponent
k1 K1 Strength constant
ke Ke Grain size coefficient
a0 ag Shear modulus ratio constant
al a Shear modulus ratio coefficient
b0 bo Specific heat constant
bl b, Specific heat coefficient
pcut Peut Pressure cutoff (negative in tension)
epsf eP Effective plastic strain at failure
T0 To Initial temperature

The Armstrong-Zerilli model is a strain rate and temperature dependent elastic plastic model for
metals undergoing large strains over a wide range of strain rates. The yield function has two forms
depending on the crystal structure of the material. For BCC matdials\(L = —1 ), the yield
function may be written as

0, = 806+ Buexpl(~Bo + Bn(ENT] +[Ko(e )"+ K1 +K L7 @)
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and for FCC materiald XTAL = 1 ) the yield function becomes

0y = AT+ Bou/ERexpl (= Bo + BuIN(E)) T] + [Ko(E9)"+ Kllﬁ—T +K L2 (4-72)
0
whereg&” is effective plastic strai, s the effective strain nate, Is the shear modulus at the

current temperatur€ |, is the shear modulus at the initial tempefature Apan®, (,,B., ., ,
Ko, K1, andK, are material constants, dnd is the grain size of the material. The shear modulus
ratio is approximated as a linear function of temperature,

Hr = g+ a,T (4-73)

Ho

wherea, anda, are constants. The specific heat is approximated as a linear function of temper-
ature,

Co(T) = by + b, T, (4-74)
whereb, and, are constants.

The pressure cutoff feature limits the hydrostatic tension to the specified palue, . If pressures
more tensile than this limit are calculated, the pressure is reggt to

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure £f and specifying that this material is active for automatic contact.
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5.17 DYNA2D Material Type 16: Concrete / Geologic

Material

An equation of state type 8, 9, or 11 must be used with this model.

Command Variable Description
ecl vor-G Poisson’s ratioy, for constantv model or negative of shear
modulus,-G, for constanG model
sigc Ocut Maximum principal stress at failure
a0 ag Cohesion
al a Pressure hardening coefficient
a2 a Pressure hardening coefficient
bl b, Damage scaling factor
aof apf Cohesion for failed material
alf Ay Pressure hardening coefficient for failed material
fr fr Percent reinforcement: Of, < 100%
er E Elastic modulus for reinforcement
vr Vy Poisson’s ratio for reinforcement
sig0 Op Initial yield stress
et Er Tangent modulus
nl Ny Load curve giving rate sensitivity for principal material
n2 N, Load curve giving rate sensitivity for rate reinforcement
npts npts Number of effective plastic strain (or pressure) and yield stress
tabulations
epsp eP,...€P, Effective plastic strains or pressures
or
PL--- B
sigy Oy1...0yy  Yield stresses

Material Type 16 can be used in two major modes - a simple tabular pressure-dependent yield
surface and a complex model featuring two yield versus pressure functions with various means of
migrating from one curve to the other. For both modes, load ®urve s a strain rate multiplier for
the yield strength.
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Response Mode I. Tabulated Yield Stress Versus Pressure

This mode is well suited for implementing standard geologic models, e.g., Mohr-Coulomb yield
surface with a Tresca limit (Figure 4.7). Under conventional triaxial compression conditions,

DYNAZ2D requires an ordinate af, —o; rather than the more widely gé%& , vehere is

the maximum principal stress aog is the minimum principal stress.

To invoke Mode | of this model, sa,, a,, a,, b;, a,;, anda,; tazero. The tabulated values of
pressure and the corresponding values of yield stress should be specified. The parameters relating
to reinforcement properties, initial yield stress, and tangent modulus are not used in this response
mode, and should be set to zero.

Simple tensile failure

Note thata,; is reset internally to 1/3 even though it is input as zero; this defines a failed material
curve of slope3p , wher@ denotes pressure (positive in compression). In this case the yield
strength is taken from the tabulated yield vs. pressure curve until the maximum principal stress
(0,) in the element exceeds the tensile cut-off { ). For every time step thai,, the yield
strength is scaled back by a fraction of the distance between the two curves until after 20 time steps
the yield strength is defined by the failed curve. The only way to inhibit this feature isotg.set
arbitrarily large.
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Mohr-Coulomb

Tresca \

\

0;—03

i Friction Angle

Cohesion

Pressure

Figure 4.7
Mohr-Coulomb surface with a Tresca limit.

Response Mode II. Two Curve Model with Damage and Failure

This approach uses two yield versus pressure curves of the form

_ P
= a,+ . 4-75
O, = & it ap (4-75)

The upper curve is best described as the maximum yield strength curve and the lower curve is the
failed material curve. There are a variety of ways of moving between the two curves, and each is
discussed below.
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Gmax = a'0+
aQ+ap

Yield

N

P

Osiiinn = R A
failed — Aof a1f+a2p

Pressure

Figure 4.8
Two-curve concrete model with damage and failure.

Mode Il.A: Simple tensile failure

Defire ay,a, ,a, ,8o; anda;; and set, to zero. The yield strength is taken from the maximum
yield curve until the maximum principal stress,( ) in the element exceeds the tensile cut-off
(o..). For every time step that, >0, the yield strength is scaled back by a fraction of the
distance between the two curves until after 20 time steps the yield strength is defined by the failed
curve.

Mode I1.B: Tensile failure plus plastic strain scaling

Defineq, ,a, ,a, ,a0; and,; , sdi; to zero, and define a scale fagtor, , versus effective plastic
strain. DYNA2D evaluates) at the current effective plastic strain and then calculates the yield
stress as

Oyield = Omax—N(Omax— Otailed) » (4-76)
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whereo,,., an,q are found as shown in Figure 4.8.
This yield strength is then subject to scaling for tensile failure as described above. This type of
model allows the description of a strain hardening and/or softening material such as concrete.

Mode II.C: Tensile failure plus damage scaling

The change in yield stress as a function of plastic strain arises from physical mechanisms such as
internal cracking, and the extent of this cracking is affected by the hydrostatic pressure when the
cracking occurs. This mechanism gives rise to the “confinement” effect on concrete behavior. To
account for this phenomenon a “damage” function was defined and incorporated into Material
Type 16. The damage function is given the form

gp

der

e

Ocut

4-77)

Defirea,,a, ,a, ,aq; a1 , andb; n is now given asumnction of A and scales the yield stress as

Oyield = Omax—N(Omax— Orailed) (4-78)
and then apply any tensile failure criteria.
Mode Il Concrete Model Options

Material Type 16 in Mode Il provides for the automatic internal generation of a simple “generic”
model for concrete. Ifa, is negative, then, is assumed to be the unconfined concrete
compressive strengti( )ard, is assumed to be a conversion factor from DYNA pressure units
to psi. In this case the parameter values generated internally are:

f:: 2 1/3
Ocut = 1.7%_—;% (4'79)
_ fe (4-80)
=7
1
= = 4-81
a 3 (4-81)
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a, = 3T (4-82)
ar =0 (4-83)
a,;; = 0.385 (4-84)

Note that thesa,; aral; defaults will be overridden by nonzero entries for them. If plastic strain
or damage scaling is desiregandb, should be specified in the input. Wregn  is input as a
negative quantity, the Equation-of-State can be given as 0 and a trilinear EOS Type 8 model will
be automatically generated from the unconfined compressive strength and Poisson’s ratio. The
EOS 8 model is a simple pressure versus volumetric strain model with no internal energy terms,
and should give reasonable results for pressures up to 5 kbar (approximately 75,000 psi).

Mixture model

A reinforcement fractionf, , can be defined along with properties of the reinforcement material.
The bulk modulus, shear modulus, and yield strength are then calculated from a simple mixture
rule. This feature isxperimentaand should be used with caution. It gives an isotropic effect in the
material instead of the true anisotropic material behavior. A reasonable approach would be to use
mixture elements only where the reinforcing exists and plain elements elsewhere. When the
mixture model is being used, the strain rate multiplier for the principal material is taken from load
curveN; and the multiplier for the reinforcement is taken from load dusve
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5.18 DYNA2D Material Type 18: Extended Two Invariant

Geologic Cap Model

Command Variable Description
k K Initial bulk modulus
g G Initial shear modulus
alpha a Failure envelope parameter
theta C] Failure envelope linear coefficient
gamma % Failure envelope exponential coefficient
b B Failure envelope exponent
r R Cap surface axis ratio
d D Hardening law exponent
w W Hardening law coefficient
x0 Xo Hardening law parameter
cbar o Kinematic hardening coefficient
n N Kinematic hardening parameter
iplot flag Plot database flag:
EQ. 1.0: Hardening variable
EQ. 2.0: Cap J; axis intercep¥
EQ. 3.0: Volumetric plastic stra'ﬂ'z?v
EQ. 4.0: First stress invariafy
EQ. 5.0: Second stress invarialdsp
EQ. 6.0: Not used
EQ. 7.0: Not used
EQ. 8.0: Response mode number
EQ. 9.0: Number of iterations
itype flag Formulation fla:
EQ. 1.0: Soil or concrete (cap surface may contact)
EQ. 2.0: Rock (cap surface may not contact)
ivec flag Vectorization flag:

T

EQ. 0.0: Vectorized (fixed number of iterations)
EQ. 1.0: Fully iterative

Tension cutoffT< O (positive in compressign

The cap model is formulated in terms of the invariants of the stress tensor. The square root of the
second invariant of the deviatoric stress tengd; , Is found from the deviatoric stresses as
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11
NI = ésijsij- (4-85)

The first invariant of the stresy, , is simply the sum of the normal stresses, or equivalently, three
times the pressure.

The cap model consists of three surfaceglsp, J, - space, as shown in Figure 4.9. First, there is
a failure envelope surface, denoted in the figure. The functional fofm of is

=
2D I, =R
JIdop = R
fy
J; =T f,
fs
> ]
T K X(K) !
Figure 4.9
The yield surfaces of the two invariant cap modelda, J, - space. Sdrface is the fajlure
envelopef, is the cap surface, dgd is the tension cutoff.

f1 = Moo —Min(Fe(J1), Trised) (4-86)

whereF, is given by
Fe(J,) =0 —yexp(—pJ,) +6J; (4-87)

and T pises= |X(K,) —L(K,)| . This failure envelope surface is fixedd,, J,- space, and

therefore does not harden, unless kinematic hardening is present. Next, there is a cap surface,
denoted, in the figure, with, given by

fo = JJap—Fc(J1, K), (4-88)

whereF. is defined by
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Fod K) = 21X ~LIOT = [3, - LOF (4-89)

X(K) is the intersection of the cap surface withihe axis,
X(K) = K+ RF,(K) , (4-90)

and L(k) is defined by

if k>0

L(k) = .
if k<O

(4-91)

DQDQD

The hardening parametgr s related to the plastic volume clgdnge  through the hardening law
e = W{1-exp—D(XK)=X)]} . (4-92)

Geometricallyk is seenin the figure asdpe coordinate of the intersection of the cap surface and
the failure surface. Finally, there is the tension cutoff surface, dehpted in the figure. The function
f3is given by

fa=T-J, (4-93)

where T is an input material parameter which specifies the maximum hydrostatic tension
sustainable by the material. The elastic domaigids, J, - space is then bounded by the failure
envelope surface above, the tension cutoff surface on the left, and the cap surface on the right.

An additive decomposition of the strain into elastic and plastic parts is assumed:
g = e +¢, (4-94)

wheree® is the elastic strain aatl  is the plastic strain. Stress is found from the elastic strain using
Hooke’s law,

o = C(e-¢"), (4-95)

whereo is the stress aftl is the elastic constitutive tensor.

The yield condition may be writtefy; (0) < 0; f, (0) < 0; andfs (0) < 0. The plastic consistency
condition requires that

.\kfk =(
Ae=0

k =1,2 3, (4-96)
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where) is the plastic consistency parameter for sukfacef, <10 NhenO and the response
is elastic. Iff >0, then surfade is active and s found from the requiremerit thad

Associated plastic flow is assumed;

&P = z Akafk (4-97)

Translation of the yield surfaces is permitted through the introduction of a “back stress”densor,
The formulation including kinematic hardening is obtained by replacing the stress  with the trans-
lated stress tensoy=0 —a in all of the above equations. The history tensor is assumed devia-
toric, and therefore has only 5 unique components. The evolution of the back stress tensor is
governed by the nonlinear hardening law

a = cF(o, a)é”, (4-98)

wherec is a constank, is a scalar functioroof and ,énd s the rate of deviatoric plastic
strain. The constamt may be estimated from the slope of the shear stress - plastic shear strain curve
at low levels of shear stress.

The functionF is defined as

(o—a)eap )
max%)l N3 D (4-99)

whereN is a constant defining the size of the yield surface.

The cap model contains a number of parameters which must be chosen to represent a particular
material, and are generally based on experimental data. The paramdiels , y ,and are usually
evaluated by fitting a curve through failure data taken from a set of triaxial compression tests. The
parameter®V D ,and¥, define the cap hardeninglaw. The valle of  represents the void fraction
of the uncompressed sample &nd  governs the slope of the initial loading curve in hydrostatic
compression. The value 8 is the ratio of major to minor axes of the quarter ellipse defining the
cap surface. Additional details may be found in (Chen and Baladi, 1985).
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5.19 DYNA2D Material Type 19: Frazer-Nash Hyperelastic
Rubber

Command Variable Description

ilimit ilimit Strain limit flag:
EQ. 0.0: Stop if strain limits are exceeded
EQ. 1.0: Continue if strain limits are exceeded

emax Emax Maximum strain limit
emin Emin Minimum strain limit
€100 .. c400 Cqpg..- G4go Strain Energy Density Coefficients
c010 c020  Cp10Co20 Strain Energy Density Coefficients
c110c210 Cy190Cy9  Strain Energy Density Coefficients
c001 c101 Cyp1Cy01 Strain Energy Density Coefficients

This model is a hyperelastic constitutive law representing the behavior of rubber-like materials at
moderate to large strains. The strain energy density function is of the form

- 2 3 4
N = Ciool 1 + Caool 1 + Caool 1 + Caool 1
2 2 -
+Cool 2 + Cozol 2 + Cugol 112 + Copol 11 (4-100)

+C001l 3 + C101I 1I 3

wherel, ,l, , and; are the strain invariants defined in terms of engineering components of the
Green-Lagrange strain tendér by

I, = Eqn+ Ep+ Egs, (4-101)
1
I, = (EnEq + BBz + ExEss) —Z(Efz +E% +E%), (4-102)
and
1 1
|3 = %nEzzEss + ZE12E23E315_ Z(E11E§3 + E22E:«,2‘1 + EsaEfz) . (4'103)

The second Piola-Kirchhoff stress is found by differentiating the strain energy density function
W with respect to the Green-Lagrange strain,

_ 0W

= (4-104)
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Cauchy stress
1

is then found from the second Piola-Kirchhoff stress using

o= jFrFT, (4-105)
whereF is the deformation gradient ahd s its determinant.
The model input includes a maximum strain liljt,, , @ minimum strain Epit , and a strain

limit option flag, ILIMIT . If the maximum normal strain is greater tBan, or the minimum
normal strain is less thdg,,, , then a message is written to the screen and hsp printout file, and

execution terminates ILIMIT = 0 or continuedlifiMIT = 1

5.20 DYNA2D Material Type 20: Laminated Composite

Command Variable Description
ea (= Elastic modulus - fiber direction
eb Ep Elastic modulus - transverse direction
ec E. Elastic modulus - thickness direction
vab Vab Poisson’s ratio, ab
vac Vac Poisson’s ratio, ac
vbc Vie Poisson’s ratio, bc
gab Gap Shear modulus, ab
gac Gac Shear modulus, ac
gbc Gpe Shear modulus, bc
t thickness Lamina thickness
aopt Aoption Lamina axes option:
EQ. 1.0: Planar laminate defined by normahd interior surface
pointP
EQ. 2.0: Spherical laminate with interior radRiand centeP
n numlay Number of laminae
yp or rp YpOrry y-coordinate (or r-coordinate) of interior surface péint
zp z, z-coordinate of interior surface poiat
yn or rn YhOrr, y-coordinate (or r-coordinate) of normal
an z, z-coordinate of normalt
R R Interior radiusR
angle O1...Onumiay lamina orientation angles (degrees)
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DefineNUMLAY lamina orientation angle®, , (in degrees) untNalMLAY angles have been
defined.

This model simulates an elastic laminated composite by calculating the effective laminate
propertiesC , based upon the lamina present in each element. The effective laminate properties are
calculated using the first order approach.

The material properties are specified in the lamina coordinate sgdbeenwherea, b, andc are

the fiber, transverse, and through-thickness directions, respectively. The lamina orientation angle,
0, is the angle that the fibers make with the plane of the mesh, ile-the y-—zor plane. For
example, in axisymmetric geometries hoop lamina Hawe +£90° while an axial lamina has

6 =0o0r0 = 180C.

The laminate geometry is based upon the lamination option and the assumption that each lamina
ist thick. In the planar option, theh lamina ( # 1 ) exists in the region that is bound by lines that

are perpendicular ta and pass through the poin8+ (i—1)txn aRdri xtxn . In the
spherical option, theth lamina { # 1 ) exists in the region bound by two circles whose centers are

P and radiiareR+ (i—1) xt an®+ixt ,respectively.

_1 Vbavca |
s g g 000
Vap 1 Ve
= E g 0 00
—"—“—"—“Ei 0 0 0
ct=| B B E . (4-106)
1
0 0 0g 00
1
0O 0 0 0=—0
Gbc
1
_o O 0 0 oac-el

(4-107)

. S , —€;
Poisson's ratios are definedvgs= 'E—J

which represents the strain ratio resulting from a uniaxial stress applied-ith ttieection.
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Lamina # #1
Lamina #
#4

#3
#2

#1

Figure 4.10
Options for determining the lamination axes
(a) AOPT =1.0; (b) AOPT = 2.0.
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Caution should be exercised when interpreting results he two-dimensional assumptions used

to reduce the fulb x 6 stiffness matri€, ,todax 4  stiffness matrix are that the elemental shear
stresse®,z andgc , and straing and equal zero. For symmertic layups, this conditions
is satisfied trivially since no off diagonal stiffness terms exiCin  to coupleAthe  Bahd
components to each other or to any other components. However, for nonsymmetric layups, non-
zero off diagonal terms render it impossible to satisfying all four assumptions simultaneously. This
material model is suggested for use only with symmetric layups.

5.21 DYNA2D Material Type 21: Isotropic-Elastic-Plastic

Command Variable Description
e E Young’s modulus
\% \% Poisson’s ratio
sig0 Og Yield stress
etan Er Tangent modulus

This model produces bilinear elastoplastic behavior which is identical to Material Type 3 with
B = 1.0, but is somewhat faster and requires less storage. The theoretical foundations of this
model are similar to those described for Material Type 3. The numerical algorithms are based on
those described in (Krieg and Key, 1976).
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5.22 DYNA2D Material Type 22: Strain Rate Dependent

Steinberg-Guinan-Lund

An equation of state must be used with this model.

Command Variable Description
go Gg Shear modulus constant
sig0 Og Yield stress constant
beta Strain hardening law constant
n Strain hardening exponent
gama Yi Initial plastic strain
cl C, First thermal activation constant
2uk 2Uy Twice the dislocation kink energy
sigm Om Yield stress work hardening limit
b b Shear modulus pressure constant
bp b’ Yield stress pressure constant
h h Energy coefficient
f f Energy exponential coefficient
yp Yo Peierl’s stress
c2 C, Second thermal activation constant
siga Oam Maximum athermal yield stress
a a Atomic weight; if a= 0, R must be defined
t0 Tmo Melting temperature constant
gamO Yo Thermodynamic gamma
sa a Thermodynamic constant
pc Peut Pressure cutoff
trm Troom Room temperature
deby © Debye coefficient
spall spall Spall model flag:

EQ. 0.0: default set to 2.0

EQ. 1.0: Pressure limit model

EQ. 2.0: Maximum principal stress spall criterion
EQ. 3.0: Hydrostatic tension spall criterion
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rp R NOTE: If R # 0, atomic weight is not used
epsf eP Effective plastic strain at failure

nfit nfit Polynomial order for fit; Xk nfit< 9

ivar flag Cold compression energy polynomial flag:

EQ. 0.0: Polynomial coefficients given or fit in terms)of
EQ. 1.0: Polynomial coefficients given or fit in termsuof

min min_limit Optional minimum limit for energy fit.
Input Npmin if ivar =0
Input Yy, if ivar =0

max max_limit  Optional maximum limit for energy fit.
Input Nmaxif ivar =0
Input py,axif ivar =0

ecO...ec9 EC,...EG Cold compression polynomial coefficients

The formulation of this model is essentially consists a strain rate modification of the Steinberg-
Guinan model (Material Type 11) to extend the range of validity down to lower strain rates.

In terms of the foregoing input parameters, we define the shear mo@ulus, , before the material
melts as:

G = G[1+pr3 hEE = 3R, 30} (4-108)

where p is the pressurd/ is the relative volurge, is the current ergrgy, is the cold
compression energy, arifl, is the melting energy. The cold compression energy is calculated
using

E.(x) = Ipdx, (4-109)

0

wherex = 1-V . The equation is integrated using initial enétgy  and preBsure  conditions
that correspond to zero K and are given by

Eo = _3R'Troom (4-110)

and
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0
P, = yoEoDebye%rmomE. (4-111)
HereDebye is the Debye correction factor, and has a default value of 18vke@ . The melting
energy is found from the cold compression energy and the melting temperature using
En(X) = E(X) +3RT(X) , (4-112)

where the melting temperatufg, is given by

T.(x) = Tmoex—p(Z?x) (4-113)
2%:0—:31—5%
Vv
andT,,, is the melting temperature at the initial dengigy,
In the above equation® is defined by
\ — _R—E -
R = A (4-114)

whereR is the universal gas constant &nd is the atomic waigtd.that if R is not defined,
DYNA2D computes it with R in the cm-gram-microsecond system of unit§ hus, this option

should not be used unless the entire analysis model is defined in the cm-gram-microsecond second
system of units.

The yield strengtlo, is decomposed into a thermally activatedpart and an atherrag| part ,

0, = 0,:(°, T)G(P, T) + 0y, , (4-115)

where G is a dimensionless function that relates the shear modulus at the current Bressure  and
temperaturd  to the shear modulus under standard conditions.

The effective plastic strain rate is written in terms of the thermally activated yield stress and known
functions as

- 01 2U,r3 Oyt c,
£° = Oxexp == ——yﬁ}+— : 4-11
L. T E V.07 5,5 (4-116)
whereY, is the Peierls stresd), Is the energy to form a pair of kinks in a dislocation segment

of lengthL , andk is the Boltzmann constant. The con&€ant is the drag coeBicient divided by
the dislocation densitp, times the square of the Burger’s vbctor . The co@stant  is given by

158



MAZE User Manual

_ pgLab?v i
L= Tow (4-117)
wherea is the distance between Peierls valleys, is the width of a kink loop, and is the Debye
frequency. Equation (4-116) is solved iteratively to fmd , but the additional restriction

GYT S Yp (4'118)
is also imposed.

If E,,exceed<E; (i.e., the material has not melted), then the athermal part of the yield siggngth
is given by:

1

fE
1 1 3 i EC _ﬁ
0,0 = O [1 +bpVie h%ng - 3ooae . (4-119)
The work-hardened yield stress, is found from the initial yield swgss  and the accumulated
effective plastic straig” using the hardening law

o'y = Oo[1+B(y +EM]", (4-120)

wherey; is the initial plastic strain. If the work-hardened yield sitgss  exceeds the limiting value
O.,thena', isresetto, . After the materials meksXE,, ), the athermal yield stjgss and
shear modulu§& are reset to one half their initial value.

The evaluation of the cold compression enekyyx) approximated with a polynomial during
execution. The independent variable is chosem as , and the polynomial takes the form
NFIT-1 .
E. = ECn' (4-121)
2

whereNFIT is the chosen order of the polynomial fit.
Note that the density and compression variables are related by

x=1-v=-H =11 (4-122)

h+1 3
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If the coefficientsEC, throughec, are not specified in the input, DYNA2D will fit the cold
compression energy with up to a ten term polynomial expansion using a least squares method. If
the order of the polynomial is not specified, DYNA2D will automatically pick the best polynomial
order that fits the EOS generated data. Otherwise, DYNA2D will attempt to fit the data to the
polynomial order desired.

A Debye correction can be applied to the cold compression energy to improve the model’s temper-
ature response. This option is activated by specifying anon-zero value of the Debye co@fficient

A choice of three spall models is offered to represent material splitting, cracking, and failure under
tensile loads. The pressure limit mod&PALL = 1 limits the hydrostatic tension to the specified
value,p.. . If pressures more tensile than this limit are calculated, the pressure ispgset to . This
option is not strictly a spall model, since the deviatoric stresses are unaffected by the pressure
reaching the tensile cutoff, and the pressure cutoff vajue remains unchanged throughout the
analysis. The maximum principal stress spall mo8BALL = 2 detects spall if the maximum

(most tensile) principal stress, .,  exceeds the limiting vajue, . Note that the negative sign is
required becausp,,; is measured positive in compression, ahile is positive in tension. Once
spall is detected with this model, the deviatoric stresses are set to zero, and no hydrostatic tension
(p<0) is permitted. If tensile pressures are calculated, they are reset to 0 in the spalled material.
Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic tension spall
model, SPALL = 3 detects spall if the pressure becomes more tensile than the specifigol limit,

Once spall is detected the deviatoric stresses are set to zero, and the pressure is required to be
compressive. If hydrostatic tensidqmp < 0) is subsequently calculated, the pressure is reset to 0
for that element.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure £f and specifying that this material is active for automatic contact.
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5.23 DYNA2D Material Type 23: Three-Invariant
Viscoplastic Cap Model

Command Variable Description
g G Shear modulus
k K Bulk modulus
gr r Gruneisen ratio (optional)
pres flag Pore compression flag:

EQ. 0.0: Explicit pore compression
EQ. 1.0: Constant bulk modulus

alpha a Shear failure surface constant
theta © Shear failure surface linear coefficient
gamma Y Shear failure surface exponential coefficient
beta B Shear failure surface exponent
fail tail Tensile pressure cutoff (negative in tension)
mode Tensile return mapping mode
nalpha N Kinematic hardening parameter
calpha c? Kinematic hardening coefficient
ro Ry Initial ellipticity
X0 Xo Initial J;-axis intercept
rock option Cap contraction option:
EQ. 0.0: Contraction allowed (soils)
EQ. 1.0: Contraction omitted (rocks)
EQ. 2.0: Contraction with hardening (rocks)
secp Shear-enhanced compaction parameter
w w Maximum plastic volume strain
di D, ExponentD,
d2 D, ExponentD,
plot nplot Plot variable output option (see following table)
msi Maximum strain increment
gl Q1 Three-invariant parameter
g2 Q, Three-invariant parameter:

GE. 0.0: Formulation parameter
LE. 0.0: Friction anglep(degrees)
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dbO
delta
vip
form

ion

JAVER) Rounded vertices parameter
0 Rounded vertices parameter
Viscoplasticity fluidity parameter
form Viscoplastic flow function form:
LT. 0.0: ¢(f) = (f/fp)", whereN = form
GT. 0.0:(f) = exp(fip)N - 1
Output variables for NPLOT plotting option.
NPLOT Function Description
1 L(k) J, value at cap-shear surface intersect
2 X(K) J, intercept of cap surface
3 R(k) Cap surface ellipticity
4 EP Plastic volume strain
5 J; First stress invariant
6 J Second invariant of deviatoric stress
7 J; Third invariant of deviatoric stress
8 s (3J/15% )/(J)¥? = —sin(3p)
9 B Lode angle (degrees)
10 R Octahedral plane radius
11 J Relative volume
12 (0] Porosity
13 Qcs Relative change in volume of solid phase
14 Prs Pressure in the solid phase
15 Ens Energy in the solid phase
16 nsubs Number of strain subincrements
17 1-(R2F2F.)/J, Deviation from failure surface
18 G Kinematic hardening limiting function
19* Jg Kinematic hardening backstress
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5.24 DYNAZ2D Material Type 24: Bammann Plasticity Model

Command Variable Description
e E Young’s modulus
% % Poisson’s ratio
t To Initial temperature (°K)
hc HC Heat generation coefficient
axx Olyx Initial tensor internal variable,,
ayy Qlyy Initial tensor internal variabley,,
axy Olyy Initial tensor internal variable,,
kO Ko Initial scale internal variableg
epsf EP Effective plastic strain at failure

cl..cl8 Cl C_|.8

The number of material parameters may seem prohibitive, but rarely are all of the constants used.
The model reduces to linear strain hardening with only two required parameters. For rate insen-
sitive materials the number of parameters is reduced by four. If temperature dependence is not
required (i.e. when heat generation is not important), then the number of parameters is reduced by
a factor of two. All of the parameters can be determined using simple tension and compression
data.

The evolution of the Cauchy stress is governed by an equation of the form
0 = ATr(d91+2Gds, (4-123)

whered® is the elastic part of the rate of deformation, is the elastic Lame parameter given by

_ Ev
A= (1+v)(1-2v) '

(4-124)

and G is the elastic shear modulus. The rate of deformdtion (symmetric part of the velocity
gradient) is decomposed as

d =de+dr+dt, (4-125)

whered P is the deviatoric plastic part, athd is the thermal expansion part. The deviatoric plastic
part of the rate of deformation is given by
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dre = f(T)sinh[lEl_VK(—fl_;((T)}% for [E —k —Y(T)20 (4-126)
and
dr= 0for (J&—k=Y(T))<O , (4-127)

whereT is temperaturg, is a scalar hardening varigble, is the translated stress found from the
deviatoric Cauchy stress  and the tensor hardening vaable as

= o—ga, (4-128)

and f(T),Y(T) , andV(T) are scalar functions. Assuming isotropic thermal expansion with
coefficienta , the thermal part of the rate of deformation can be written

dh = aT1. (4-129)
The evolution of the internal plasticity variables and is found from
a = h(T)dP—[rg(T)d + ry(T)]aa (4-130)

K = H(T)ld1 - [Ry(T)d + R(T)]k? , (4-131)

where h(T) andH(T) are hardening moduli (which may be functions of temperature),

PR
d= émq, (4-132)

a = flal, (4-133)
3
andry(T) ,R(T) ,rq(T) ,andRy(T) are scalar functions.

To compute temperature change, it is assumed that no heat is conducted out of an element and 90%
of the plastic work is dissipated as heat, so it follows that

09, _
T = pcv(o dn, (4-134)
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wherep is the material density aod s the specific heat. To include this effect the heat generation
coefficient,HC , should be defined in the input:

He = &2, (4-135)
pc,

Nine functions are used to describe the inelastic response. They can be grouped into three classes:
those associated with the initial yield stress, the hardening functions, and the recovery functions.
The temperature dependence of the yield functions are given by

V(T) = C,exp—=G/T) (4-136)
Y(T) = Coexp( G/T) (4-137)
F(T) = Csexp(—=G/T) . (4-138)

The functionY(T) describes the rate independent yield strength as a function of temperature. The
function F(T) determines the rate at which the material transitions from rate-insensitive to rate-
dependent, an®¥(T) describes the amount of rate dependence.

Two internal state variables are used to model hardening. The tensor vgriable  is used to describe
the translation of the yield surface and the scalar variable is used to track growth of the yield
surface. These two history variables evolve independently, and their evolution is characterized by
a hardening contribution minus a recovery contribution. The hardening funtiidns  H(and
are given by

h(T) = Coexp( G/ T) (4-139)

H(T) = Cisexp(Ce/T) . (4-140)

Without recovery terms the model reduces to linear hardening with a tangent modulus of
Er = (E(h+ H))/(E+h+H) . (4-141)
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There are two recovery functions associated with each of the state vagablesk and . Larger
values of recovery result in faster deviation from linear hardening and lower saturation stresses.
The dynamic recovery function results in rate-independent hardening while the static (or thermal)
recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

rqo(T) = C.exp(—G/T) (4-142)
r(T) = Cuexp(—C./T) (4-143)
Ry(T) = Crexp(—Cs/T) (4-144)
R(T) = Ciexp(—Ce/T) . (4-145)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lower
strain rates and higher temperatures the static recovery is dominant.

For high rate problems there can be a significant temperature increase due to plastic work. This
allows the model to calculate thermal softening and thermal instabilities. Note that the heat gener-
ation coefficienHC will have no effect unless the functions are temperature-dependent. Typically,
for strain rates less than 1.8-%—0 the problem is not adiabatic and therefore the heat generation
coefficient shoulahot be included.

The parameters that give initial values to the components of the internal variable  may often be
defined as zero. Nonzero values may be used to describe a material that is not initially isotropic,
such as material deformed by a rolling process.

Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure £f and specifying that this material is active for automatic contact.
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5.25 DYNA2D Material Type 25: Sandia Damage Model

Command Variable Description
e E Young’s modulus
% % Poisson’s ratio
t To Initial temperature (°K)
hc HC Heat generation coefficient
axx Olyx Initial tensor internal variable,,
ayy Qlyy Initial tensor internal variabley,,
axy Olyy Initial tensor internal variable,,
kO Ko Initial scale internal variableg
mbar m Damage exponent
do Do Initial void volume fraction (porosity)
epsf EP Effective plastic strain at failure
fsd level Element deletion controlled by damage level:

EQ.0: Damage level does not control element deletion
GT. 0: Element deletion based upon daméaye,

cl..cl8 Cl C;.LS

This is a phenomenological plasticity model using a set of internal state variables whose evolution

is based on micromechanics. The model includes rate and temperature dependence, and heat gener-
ation due to plastic work. Since internal state variables are used to track the deformation, the
history effects of strain rate and temperature are correctly captured. Ductile failure in materials is
predicted by the model using a void growth evolution law.

The evolution of the Cauchy stress  is governed by an equation of the form

6 = A(1=D)Tr(d91+2G(1-D)d*~ ——0¢

159 (4-146)
whered® is the elastic part of the rate of deformatidn, is a scalar damage variable, isthe elastic
Lame parameter given by

_ Ev
A= (1+v)(1-2v) '

(4-147)
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and G is the elastic shear modulus. The rate of deformdtion (symmetric part of the velocity
gradient) is decomposed as

d = de+dr+dv+dt, (4-148)

wheredP is the deviatoric plastic pad) is the dilatational plastic partd&nd is the thermal
expansion part. The deviatoric plastic part of the rate of deformation is given by

v = f(T)sinh[lEl _\'/‘(‘T;(((lT_)%)‘D)}% for |&§—k—Y(T)(1—D)=0 (4-149)
and
dp=0for (| -k-=Y(T)(1-D))<O0 , (4-150)

whereT is temperatur&, is a scalar hardening varidble, is the translated stress found from the
deviatoric Cauchy stress  and the tensor hardening vaable as

§= o—ga, (4-151)

andf(T) ,Y(T) ,andV(T) are scalar functions. The diliational plastic part of the rate of defor-
mation depends only on the damage variable and is given by

dv= 2 1 (4-152)

Assuming isotropic thermal expansion with coeffici@nt , the thermal part of the rate of defor-
mation can be written

dih= aT1. (4-153)

The evolution of the internal plasticity variables and is found from

h(T)dP—[ry(T)d + ry(T)]0a (4-154)

a

H(T)Id = [Ry(T)d + R(T)Ik? , (4-155)

x.
I

where h(T) andH(T) are hardening moduli (which may be functions of temperature),

P
d= émq, (4-156)
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a= flal, (4-157)
3
andry(T) ,R(T) ,rq(T) ,andRy(T) are scalar functions.

The evolution of the damage paramdder is given by

- 1
D = X[m—(l—o)}mq , (4-158)

wherey is a stress triaxiality factor given by

X = sinh[%’} , (4-159)

m is a void growth constanp, is pressure, and s effective stress.

To compute temperature change, it is assumed that no heat is conducted out of an element and 90%
of the plastic work is dissipated as heat, so it follows that

- 095, ]
T= o0 d9, (4-160)

wherep is the material density aod is the specific heat. To include this effect the heat generation
coefficient,HC , should be defined in the input:

He = 99 (4-161)
pC,

Nine functions are used to describe the inelastic response. They can be grouped into three classes:
those associated with the initial yield stress, the hardening functions, and the recovery functions.
The temperature dependence of the yield functions are given by

V(T) = C,exp(—G/T) (4-162)
Y(T) = Coexp( G/ T) (4-163)
F(T) = Ceexp=G/T) . (4-164)
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The functionY(T) describes the rate independent yield strength as a function of temperature. The
function F(T) determines the rate at which the material transitions from rate-insensitive to rate-
dependent, an¥(T) describes the amount of rate dependence.

Two internal state variables are used to model hardening. A tensor variable is used to describe
the translation of the yield surface and a scalar varieble is used to track growth of the yield
surface. These two history variables evolve independently, and their evolution is characterized by
a hardening contribution minus a recovery contribution. The hardening funtiidns  H(and
are given by

h(T) = Coexp( G/ T) (4-165)

H(T) = Cisexp(Ce/T) . (4-166)

Without recovery terms the model reduces to linear hardening with a tangent modulus of
Er = (E(h+ H))/(E+h+H) . (4-167)

There are two recovery functions associated with each of the state vadablesk and . Larger
values of recovery result in faster deviation from linear hardening and lower saturation stresses.
The dynamic recovery function results in rate-independent hardening while the static (or thermal)
recovery results in rate-dependent hardening.

The recovery functions are strongly temperature-dependent, and their form is given by

ro(T) = Crexp(—G/T) (4-168)
r(T) = Coexp(—Co/T) (4-169)
Ry(T) = Crexp(— G/ T) (4-170)
R(T) = Cpexp—Gy/T) . (4-171)

At higher strain rates and lower temperatures the dynamic recovery is dominant while at lower
strain rates and higher temperatures the static recovery is dominant.
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Material “erosion” and failure may be obtained by defining a nonzero effective plastic strain at
failure €] and specifying that this material is active for automatic contact. Alternatively, by speci-
fying a positiveFSD and nonzero damage parameters, material “erosion” will be controlled by
the accumulated damage paraméter . Both material erosion methods can be used simultaneously.
In this case which every condition is satisfied first will determine erosion.

5.26 DYNA2D Material Type 26: Circumferentially Cracked

Elastoplasticity

Command Variable Description
e E Young'’s modulus
% % Poisson’s ratio
sigy (o8 Yield stress
ef & Effective plastic strain at failure
etan Ep Hardening modulys
beta B Elastic modulus: & (3 < 1 coefficient
npts n Number of points in stress-effective plastic strain curve
eps €1.. .8 Effective plastic strain
es 01...0p Effective stress

This model is applicable only to axisymmetric structures. The material behavior is identical to
Material Type 3, except that elements of this material cannot carry tensile circumferential stress.
By specifying an initial relative volume greater than one on the element cards, the development of
compressive circumferential stresses can be delayed or prevented since a gap must close circum-
ferentially before compressive hoop stress develops.

171



DYNA2D EQUATIONS-OF-STATE MAZE User Manual

6 DYNA2D EQUATIONS-OF-STATE

An equation-of-state defines the volumetric behavior of a material, and must loalysedombi-

nation with a hydrodynamic material model. Many equation-of-state models allow the user to
specify an initial energy per unit initial volumig, , and an initial relative voliuge, V,#0 ,
thenE, is the energy per unit initial volume (i.e., per unit reference volume for the relative volume
computation). Define an equation-of-state only for Material Types 8, 9, 10, 11, 12, 15, 16, and 22.

6.1 General Equation-of-State Definition Commands

The following commands will override the default falues for the current material only.

head Equation-of-state heading. Command is entered in form:
heading head
heading

6.2 Equation-of-State Form 1: Linear Polynomial

Command Variable Description
cO Co Pressure constant
cl C, Linear compression coefficient
c2 C, Quadratic compression coefficient
c3 Cs Cubic compression coefficient
c4 Cy First energy coefficient
cS Cs Second energy coefficient
c6 Ce Third energy coefficient
e0 Eo Initial internal energy per unit initial volume
vO Vo Initial relative volume

The linear polynomial equation-of-state is linear in internal energy. The pressure is given by:
p = Co+ Cip + Col? + Cop® +(Cy + Csp + Ce?) E (5-1)
where the excess compressipn is given by

EE—]_ 5-2
Po ’ (5-2)
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E is the internal energy is the current density, pnd  is the initial density. The tension-limited
excess compressign  is given by

H = maxy,0) . (5-3)
Relative volume is related to excess compression and density by

_ 1 _
V= e

°|?

(5-4)

If C, = K (the elastic bulk modulus) and all oth@r = 0 , then linear elastic volumetric response
is obtained.

6.3 Equation-of-State Form 2: JWL

Command Variable Description
A

b B
rl Ry
r2 R,
omega W
e0 Eg Initial internal energy per unit initial volume
vO Vo Initial relative volume

The JWL equation of state is often used for detonation products of high explosives. The JWL
equation-of-state defines the pressure as
W [ RV W [J-rv , WE
= —_— + J 2V 4 —— -
p = Ad R,V B R,V v (5-5)

whereV is relative volume arfel  is internal energy.
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6.4 Equation-of-State Form 3: Sack

Command Variable Description
e0 Eg Initial internal energy per unit initial volume
vO Vo Initial relative volume
al,az2,a3 A A A3
b1, b2 By, By

This equation-of-state form is often used for detonation products of high explosives. The Sack
equation-of-state defines presspre as

— A3 —A BlD B,
= Ry VE (5-6)

whereV is relative volume artel is the internal energy.

6.5 Equation-of-State Form 4: Gruneisen

Command Variable Description
sp C Velocity curve intercept
sl S First slope coefficient
s2 S Second slope coefficient
s3 S Third slope coefficient
gamma Yo Gruneisen coefficient
sa a First order volume correction coefficient
e0 Eg Initial internal energy per unit initial volume
vO Vo Initial relative volume

The Gruneisen equation-of-state with cubic shock velocity-particle velocity defines pressure for
compressed materialg &0 ) as

poC?| 1+ Yol -5y
p= [ il (Yot aW)E | (5-7)

1S Du- St s ‘jl)}

and for expanded materialg € 0 ) as
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P = PoC2u+ (Yo +ap)E, (5-8)

whereC is the intercept of the shock velocity vs. particle velogity , )c®ves, , Sand
are the coefficients of the slope of the-v, cugge, is the Gruneisen gamnaa, and s the first
order volume correction tp, . The excess compregsion is defined by

us&—l, (5-9)

wherep is the current density apgl  is the initial density.

6.6 Equation-of-State Form 5: Ratio of Polynomials

Command Variable Description
alpha a
beta B
e0 Eg Initial internal energy per unit initial volume
vO Vo Initial relative volume

al0..ald Ay Ay
a20..a24 Ay Ay
a30 ...a33 Agy Asz
a40 ...a43 Ay Ay

ab0..a53 Agy As3

a60 ...a63 Agy Ag3
ar0...a73 Ayg Asz

The ratio of polynomials equation-of-state defines the pressure as

_ Fy+F,E+F;E2+F,E?
"~ Fs+FeE+FE?

(1+ap) (5-10)

where the each of tfe  are polynomials in terms of the excess compygssion  of the form

Fi= ) Aglk (5-11)
kZO

with n = 4 forF, andF, ,anch = 3 foF; through, .The excesscompregsion is defined by
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n=2_1, (5-12)

wherep is the current density apg  is the initial density. In expanded elempents (F, ), in
(5-10) is replaced b¥, , whefe s defined by

'E]_ = Fl+Bu2 (5-13)

6.7 Equation-of-State Form 6: Linear Polynomial with
Energy Deposition

Command Variable Description
cO Co Pressure constant
cl C, Linear compression coefficient
c2 C, Quadratic compression coefficient
c3 Cs Cubic compression coefficient
c4 Cy First energy coefficient
c5 Cs Second energy coefficient
c6 Ce Third energy coefficient
e0 Eg Initial internal energy per unit initial volume
vO Vo Initial relative volume
Ic load_curve Load curve number giving energy deposition rate

This equation-of-state form is similar to equation-of-state form 1 except that this form allows
internal energy to be deposited into the material at a specified rate. The pressure is given by:

p = G+ Cip + Cop? + Cop® + (Cy + Cspl + Cll?) E (5-14)
where the excess compressjon is given by

uE&—l, (5-15)

E is the internal energy is the current density, pnd  is the initial density. The tension-limited
excess compressign  is given by

i = max,0). (5-16)

Relative volume is related to excess compression and density by
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1
V = =
1+p

(5-17)

o2

Internal energy is added into the material at a rate specifiéohdycurve This allows energy
transfer mechanisms to be included which are not considered in detail in the analysis model.

This equation-of-state is linear in internal energy, and may be used to fit experimental data for
many materials.

6.8 Equation-of-State Form 7: Ignition and Growth of
Reaction in HE

Command Variable Description
fr F Second ignition coefficient
fmig Fmax. ignition
fq Fq
g1 Gy
m m
al a
sl S1
cvp Cvp Heat capacity of reaction products
cve Ce Heat capacity of unreacted HE
ccrit Ccritical
qr Qr
t0 To Initial temperature ("K)
92 G,
a2 a
s2 S,
n n
fmgr Fmax. ar
fmecp Fmin. gr

rip, r2p, Rip, Rop
r3p, r5p, 16p Rgp Rsp Rep
rle r2e, Rie Roe
r3e, r5e, rée Rge Rse Ree
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In the following description, a subscripg™denotes quantities for the unreacted explosive, a
subscript “p” denotes quantities for the reaction prodygts, is the predsure, is the relative
volume, andl' is the absolute temperature.

The pressure in the unreacted explosive is given by a JWL equation of state,

T

Do = Ry Ve + R, e ReeVe + Rge\Te (5-18)

whereR;. is a given constant related to the specifictigat  and JWL parameter by
Rse = WeCye- (5'19)

The pressure in the reaction products is defined by another JWL equation of state,

o = Rlpe—Rsp + Rzpe—Repr + Rap\%’ (5-20)
[

andR;, is a given constant related to the specific heat and JWL parameter as above.

As the chemical reaction converts unreacted explosive to reaction products, these JWL equations
of state are used to calculate the pressure in the mixture. This mixture is defined by the fraction
reactedF ,wher& = 0 represents no reaction (all explosivelfrandl.O represents complete
reaction (all products). The temperatures and pressures of reactants and products are assumed to
be in equilibrium (i.e.T. = T, ang. = p, ), and the relative volumes are additive,

V = (1=F)V.+V,. (5-21)

The assumed forms for the chemical reaction rate is then

aa—lf = F1+F2+F3, (5-22)

where the ignition term is given by

. n
Fi = Fy(L-F) [ ~1-Can] . (5-23)

e

the growth term is given by

F, = Gy(1-F)*F%pm, (5-24)

and the completion term is given by

178



MAZE User Manual DYNA2D EQUATIONS-O